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Sir : 



I, Bruce N. Cronstein, a USA citizen residing at 120 
west 88 th St., New York, NY 10024, USA, do hereby state 
and declare as follows: 

1. I received my Medical Education from the 
University of Cincinatti and the Board certifications 
from the National Board of Medical Examiners (1977) and 
the American Board of Internal Medicine in Internal 
Medicine (1980) and Rheumatology (1984) . 

2. I am currently a Director of the Division of 
Clinical Pharmacology and Associate Chairman of Medicine 
for Research in the NYU Medical Center and a member of 
the Ethics Committee at the American College of 
Rheumatology . 
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4. I am also an author / co-author of over 100 
scientific publications and books and of 8 US patents or 
patent applications . 

5. My education and professional experience is 
provided in the attached Curriculum Vltae (Annex A) 

6. My major research interests are focused on the 
regulation of the inflammatory response and the role of 
Adenosine-mediated regulation of inflammation, wound 
healing, fibrosis and bone resorption and the 
pharmacology of adenosine receptors. 

7. Among other research projects, I am involved in 
exploring the molecular action of methotrexate (MTX) in 
inflammatory disease, in particular, rheumatoid arthritis 
and on March 19, 2002 I have co-authored a Review in the 
matter (Chan ES; Cronstein BN . "Molecular action of 
methotrexate in inflammatory diseases". Arthritis 
research. 2002; 4:266; hereinafter referred to as the 
"2002 Review" , a copy of which is attached as Annex B) , 
which summarized findings that appeared in a previous 
research publication : 

Morabito L, Montesinos MC, Schreibman DM, Baiter L, 
Thompson LF, Resta R, Carlin G, Huie MA, Cronstein BN. 
Methotrexate and Sulfasalazine Promotes Adenosine Release 
by a Mechanism that Requires Ecto-5 ' -nucleotidase- 
mediated Conversion of Adenine Nucleotides. J. Clin. 
Invest. 101:295-300, 1998. 

Montesinos MC, Yap JS, Desai A, Posadas I, McCrary 
CT and Cronstein BN. Reversal of the anti-inflammatory 
effects of methotrexate by the nonselective adenosine 
receptor antagonists theophylline and caffeine. Arth. and 
Rheum. 43:656-663, 2000. 
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Montesinos, CM, Desai A, Delano D, Chen JF, Jacobson 
M, Schwarzschild MA, Fink JS, and Cronstein BN . Bothe 
adenosine A2A and A3 Receptors are required for 
inhibition of inflammation by methotrexate and its 
analogue MX-68. Arth. Rheum. 48:240-241, 2003, which was 
followed by several updated publications discussing the 
effect of MTX on Rheumatoid Arthritis (RA) . 

Edwin SL Chan, Patricia Fernandez and Bruce N 
Cronstein. Methotrexate in rheumatoid arthritis. Future 
Drugs Ltd: Expert Review of Clinical Immunology . Volume 
3, No. 1, 27-33, January 2007. 

Cronstein BN. Adenosine and Inflammation. 
Immunology , Endocrine & Metabolic Agents in Medicinal 
Chemistry vol. 7, Issue 4, August 2007. 

8. The 2002 Review discusses in detail the 
adenosine-mediated anti-inflammatory effect of MTX. 
Specifically, this 2002 Review described findings from my 
laboratory showing that MTX induces metabolic changes 
which lead to increased extracellular adenosine 
concentrations (Figure 1 of the 2002 Review - Annex B) . 
Based on the findings in my laboratory, as first 
published on the findings in Cronstein BN, Eberle MA, 
Gruber H, Levin RI . Methotrexate inhibits neutrophils 
function by stimulating adenosine release from connective 
tissue cells. Proc. Natl. Acad. Sci. 88:2441-2445, 1991 
and Cronstein BN, Naime D. Ostad E, The anti-inflammatory 
mechanism of methotrexate: Increased adenosine release at 
inflamed sites diminishes leukocyte accumulation in an in 
vivo model of inflammation. J. Clin. Invest. 92:2675- 
2682, 1993, it was concluded that adenosine is a key 
mediator of the anti-inflammatory actions of MTX. In 
exerting the anti-inflammatory effect the adenosine that 
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accumulates in the extracellular space upon MTX treatment 
exerts its anti-inflammatory effect, among others, 
through the A3 adenosine receptor (A3AR) . 

9. I have carefully read the above-referenced 
patent application (serial number 10/565,161; herein: 
"the "161 Application") . The '161 application discloses 
that the effect of a combined treatment of MTX and an 
A3AR agonist, CF101. 

10. Specifically, the '161 Application discloses 
some in vivo studies in an animal model of rats 
inoculated with heat killed Mycobacterium tuberculosis 

(Mt) . Starting from the 14 th days following inoculation, 
the rats were treated with MTX ( intraperitoneally, every 
three days after inoculation) in combination with IB-MECA 

(orally, twice a day) or with a control. Clinical Disease 

Activity Score was assessed, and the results presented in 
Figures 1A-1B of the x 161 Application clearly demonstrate 
that the combined treatment had an anti-inflammatory 
effect greater than that of treatment of each agent 
alone . 

11. Being fully conversant with inflammatory 
reactions, and adenosine-mediated regulation of 
inflammation, it is my professional opinion that at the 
time the present patent application was filed there was 
no a priori reason to expect that the addition of an A3AR 
agonist onto a background of an MTX treatment would exert 
an anti-inflammatory effect beyond that of MTX alone. 
There was no publication I am aware of that mentioned 
such an effect or that could have led someone to suspect 
that MTX and an A3AR agonists such as IB-MECA would lead 
to a greater anti-inflammatory effect than each of these 
agents alone (Montesinos, CM, Desai A, Delano D, Chen JF, 
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Jacobson M, Schwar zschild MA, Fink JS, and Cronstein BN . 

Bothe adenosine A2A and A3 Receptors are required for 

inhibition of inflammation by methotrexate and its 
analogue MX-68. Arth. Rheum. 48:240-247, 2003). 

12. In fact, I believe that my own research that 
showed that the anti-inflammatory effect of MTX is 
mediated, among others, through the A3AR could have led 
someone to reach an opposite conclusion that the combined 
effect of MTX and an A3AR agonist such as IB-MECA, would 
be no different than each of these agents by themselves 
since the effect of methotrexate in the previously 
studied animal modles appeared to be maximal and to have 
required full engagement of adenosine A3ARs (Montesinos, 
CM, Desai A, Delano D, Chen JF, Jacobson M, Schwar zschild 
MA, Fink JS, and Cronstein BN . Bothe adenosine A2A and A3 
Receptors are required for inhibition of inflammation by 
methotrexate and its analogue MX-68. Arth. Rheum. 48:240- 
247, 2003) . 

13. I herby declare that all statements made herein 
of my own knowledge are true and that all statements made 
on information and belief are believed to be true; and 
further that these statements were made with the 
knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 81 of the united states code 
and that such willful false statements may jeopardize the 
validity of the application or any patent issued thereon 

/Bruce Cronstein/ /6/24/08/ 

Name Date 
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BRUCE N. CRONSTEIN, MD 



Date of birth : May 24, 1951 
Place of birth : Cincinnati, Ohio 
Citizenship : United States 
Address : 

New York University School of Medicine 
Department of Medicine 
Division of Rheumatology 
550 First Avenue 
New York, NY 10016 

Education : 

1972 Lake Forest College, Lake Forest, Illinois, BA 

1976 University of Cincinnati College of Medicine, Cincinnati, Ohio, MD 

Professional Experience and Positions : 

1976- 77 Internship, Internal Medicine, University of Cincinnati Medical Center 

1977- 78 Resident, Pathology, NYU Medical Center 

1978- 80 Resident, Internal Medicine, Lenox Hill Hospital, New York 

1980- 81 Fellow, Rheumatology, NYU Medical Center 

1981- 82 Chief Fellow, Rheumatology, NYU Medical Center 

1982- 85 Instructor of Experimental Medicine, NYU Medical Center 

1 985- 92 Assistant Professor of Medicine, NYU Medical Center 

1986- 01 Director, Arthritis Clinic, Bellevue Hospital 

1 992-96 Associate Professor of Medicine, NYU Medical Center 

1 995- 0 1 Director of Rheumatology, Bellevue Hospital 

1 996- Professor of Medicine and Pathology, NYU Medical Center 
2000- Associate Director of the Department of Medicine for Research 

2000- Director, Division of Clinical and Molecular Pharmacology 

2001- Associate Director, General Clinical Research Center 
2003-4 Acting Director, General Clinical Research Center 

2005- Director, Masters in Clinical Investigation Training Program, NYU School of 
Medicine 

2006- Program Director, General Clinical Research Center 
2006- Director, Clinical and Translational Science Center 

Board Certifications : 

1 977 National Board of Medical Examiners 

1980 American Board of Internal Medicine, Internal Medicine 
1 984 American Board of Internal Medicine, Rheumatology 
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Fellowships and Awards : 

1984- 87 Fellow of the Arthritis Foundation 

1985- 90 Clinical Investigator Award, National Institutes of Health 
1985 Travel Award, Arthritis Foundation 

1988-91 Irene Duggan Arthritis Investigator Award, Arthritis Foundation 
1989 Whitehead Presidential Fellowship, New York University 
2000 Alpha Omega Alpha, Honor Medical Society 

Hospital Affiliations : 

Attending, Bellevue Hospital Medical Center 
Attending, NYU Medical Center 

Societies : 

American Association for the Advancement of Science 
American College of Rheumatology 
The Harvey Society 
New York Rheumatism Association 
American Federation for Clinical Research 
American Association of Immunologists 
American Society for Clinical Investigation 
Interurban Clinical Club 

American Society for Pharmacology and Experimental Therapeutics 

Wound Healing Society 

American Society of Investigative Pathology 

Boards and Committees : 

1997- Advisory Editorial Board, Arthritis and Rheumatism 

1987- 92 Member, Scientific Advisory Board, Gensia Pharmaceuticals, 

San Diego, CA. 

1988- 91 Member, Grant Review Committee, NY Arthritis Foundation 

1 989- 94 Executive Board, New York Rheumatism Association. 

1991- 95; 98- Medical and Scientific Committee, NY Arthritis Foundation 

1992- 95 Committee for the Publication of Arthritis and Rheumatism, American College 

of Rheumatology. 

1992-93; 95; 97; 99; 2000 Chairman, Inflammation Subsection, American College of 
Rheumatology, National Meeting Program Committee 

1992- 94 Chairman, Grant Review Committee, NY Arthritis Foundation 

1 993- 94 President, New York Rheumatism Association 

1995-00 Member, Medical and Scientific Committee, SLE Foundation 
1995-96; 98- Member, Cell Biology Study Section, Arthritis Foundation Grant 
Review Committee 

1997- Member, Editorial Board of Clinical and Experimental Rheumatology 

1 999- Chief Editor, Current Rheumatology Reports 

2000- Editor-in-Chief, RheumatologyWeb.com 

2000- Chairman, Medical and Scientific Committee, SLE Foundation 
1999- NIH, SBIR Study Section 



2000- NIH, COBRE Study Section 

2000- Editor-in-Chief, Inflammation 

2000-04 Research Committee, American College of Rheumatology 

2000- 04 Professional Meetings Committee, American College of Rheumatology 
200 1 - Member, Editorial Advisory Board, Journal of Pharmacology and 

Experimental Therapeutics 

2001- NIH, GMA-1 Study Section, Permanent ad hoc member 

2001- 03 Member, VA Merit Review, Immunology Study Section 
2003 Chairman, VA Merit Review, Immunology Study Section 
2003-06 Chairman, ACTS (formerly GMA-1) Study Section 

2005-08 Member, Ethics Committee, American College of Rheumatology 
NYU Committees: 

1993- General Clinical Research Center, Executive Advisory Committee 

1995- Institutional Animal Care and Use Committee 

1 997- 99 Research Space and Policy Committee 

1998- Advisory Committee of the Research Computing Resource 
2000-01 Departmental Review Policy Committee 

2000- Conflict of Interest Committee 

2000- Department of Medicine Promotions and Tenure Committee 

2002- Chairman, Conflict of Interest Committee 

2002-03 Department of Dermatology, Departmental Review Committee 

Patents: 

1999 Patent number 5,932,558 Adenosine receptor agonists for the promotion of wound 
healing 

2000 Patent number 6,020,321 Adenosine receptor agonists for the promotion of wound 
healing 

2001 Patent number 6,313,091 Pharmaceutical compositions containing TSG-6 for 
treating inflammatory diseases and cancer-related pathologies 

2003 Patent number 6,555,545 Adenosine A 2 a receptor antagonists for treating and 

preventing hepatic fibrosis, cirrhosis and fatty liver 
2006 Patent pending, Adenosine Ai receptor antagonists for the treatment of 

osteoporosis 

2006 Patent pending, Testing for single nucleotide polymorphisms in the adenosine Ai 
receptor in patients with fibromyalgia 

2007 Patent pending, Adenosine A 2 a receptor agonists for the prevention of prosthesis 
loosening 

2007 Patent pending, Adenosine Ai and A 2 b receptor antagonists for the treatment of 
fatty liver 

Major Research Interests: 

Regulation of the inflammatory response. 

Role of Adenosine and Adenosine receptors in Health and Disease 
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Abstract 



Despite the recent introduction of biological response modifiers and potent new small-molecule 
antirheumatic drugs, the efficacy of methotrexate is nearly unsurpassed in the treatment of inflammatory 
arthritis. Although methotrexate was first introduced as an antiproliferative agent that inhibits the 
synthesis of purines and pyrimidines for the therapy of malignancies, it is now clear that many of the anti- 
inflammatory effects of methotrexate are mediated by adenosine. This nucleoside, acting at one or more 
of its receptors, is a potent endogenous anti-inflammatory mediator. In confirmation of this mechanism of 
action, recent studies in both animals and patients suggest that adenosine-receptor antagonists, among 
which is caffeine, reverse or prevent the anti-inflammatory effects of methotrexate. 

Keywords: adenosine receptor, inflammation, methotrexate, rheumatoid arthritis 



Introduction 

The demonstration in 1985 that low-dose, intermittent 
methotrexate is a potent and effective therapy for rheuma- 
toid arthritis (RA) [1] led to a dramatic change in the way 
that patients with RA are treated. Indeed, methotrexate is 
no less efficacious than specific anti-tumor-necrosis-factor 
(anti-TNF) therapy for the relief of symptomatic joint inflam- 
mation in early RA, and the difference between methotrex- 
ate and etanercept with respect to protection from 
structural injury in RA is probably not biologically signifi- 
cant [2]. Thus, methotrexate remains the cornerstone of 
therapy for RA, and understanding the mechanism(s) 
responsible for the therapeutic efficacy of this agent may 
lead to the development of new therapies. 

History and clinical pharmacology 

Methotrexate was first developed in the 1 940s as a spe- 
cific antagonist of folic acid. This drug inhibits the prolifera- 
tion of malignant cells, primarily by inhibiting the de novo 
synthesis of purines and pyrimidines. Because administra- 
tion of high doses of reduced folic acid (folinic acid) or 
even folic acid itself can reverse the antiproliferative effects 
of methotrexate, it is clear that methotrexate does act as an 
antifolate agent. Interestingly, although not originally 
designed as such, methotrexate appears to be a 'pro-drug', 



i.e. a compound that is converted to the active agent after 
uptake. Methotrexate is taken up by cells via the reduced 
folate carrier and then is converted within the cells to 
polyglutamates [3]. Methotrexate polyglutamates are long- 
lived metabolites that retain some of the antifolate activities 
of the parent compound, although the potency for inhibition 
of various folate-dependent enzymes is shifted [3-6]. 

Proposed mechanisms of action of 
methotrexate 

Low-dose methotrexate was introduced for the treatment 
of RA because of its presumed antiproliferative properties, 
although it was unclear how inhibiting proliferation of the 
lymphocytes thought to be responsible for synovial inflam- 
mation in RA for one day a week might lead to effective 
suppression of disease activity. However, it soon became 
clear that inhibition of folic acid metabolism could not be 
completely responsible for the anti-inflammatory effect of 
methotrexate. During the past 15 years, it has become 
clear that administration of folic acid in doses of 1-5 mg 
per day helps to prevent much of the toxicity of methotrex- 
ate without interfering with the anti-inflammatory efficacy 
of the drug, whereas very high doses of folinic acid also 
prevent methotrexate toxicity but may interfere with its effi- 
cacy [7-20]. There are two potential explanations for the 



AICAR = aminoimidazolecarboxamidoribonucleotide; Fc = crystal I izable fragment (of antibody); IFN = interferon; IL = interleukin; RA = rheumatoid 
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capacity of high doses of folinic acid to reverse the thera- 
peutic effects: first, folinic acid may bypass the effects of 
methotrexate on reduction of folic acid and thereby 
bypass the therapeutic effects of the drug; alternatively, 
folinic acid but not folic acid may compete with methotrex- 
ate for a single transport site into the cell (Fig. 1) and may 
thus interfere with cellular uptake of methotrexate [21]. 
Moreover, the expected inhibition of cellular proliferation is 
manifested as bone marrow suppression, and oral and gas- 
trointestinal ulcers, and may require lowering the dose of 
the drug and, usually, the efficacy of the therapy, suggesting 
that inhibition of cellular proliferation alone is not responsi- 
ble for the anti-inflammatory effects of methotrexate. Thus, 
folate antagonism appears to play, at most, a minimal role in 
the anti-inflammatory mechanism of methotrexate. 

Another potential mechanism by which methotrexate may 
diminish inflammation in the joint is by diminishing cytokine 
production. Numerous studies have demonstrated dimin- 
ished levels of inflammatory cytokines in the serum of 
patients. The adenosine A 2A receptor agonist CGS-21680 
is a potent inhibitor of neutrophil leukotriene synthesis in 
vitro, and, similarly, methotrexate therapy leads to dimin- 
ished production of leukotriene B 4 by neutrophils stimulated 
ex vivo [22,23]. The mechanism by which methotrexate 
diminishes these cytokine levels remains unexplained and it 
is difficult to determine from these studies whether the 
effects of methotrexate therapy on production of inflamma- 
tory mediators results in diminished inflammation or is sec- 
ondary to other anti-inflammatory events. 

Similarly, methotrexate-mediated effects on T-cell function, 
either in vivo or in vitro, have been demonstrated. Indeed, 
Genestier and colleagues have reported that methotrexate 
diminishes antigen-stimulated T-cell proliferation both in 
vitro and in T cells taken from patients taking methotrexate 
[24]. That the effects of methotrexate on T-cell function 
are completely reversed by folic acid and that the effects 
of therapy on T cells studied ex vivo are present for only 
48 hours a week would strongly suggest that this cannot 
be responsible for the bulk of the anti-inflammatory effects 
of the drug. 

A third proposed mechanism of action is based upon the 
observation that polyamines accumulate in the synovium 
of patients with RA and that metabolism of these 
polyamines by macrophages leads to the production of 
toxic oxygen products that diminish stimulated T-cell func- 
tion [25-27]. Indeed, methotrexate therapy does diminish 
polyamine levels in the joints of patients with RA [28-30], 
but this effect, like that of methotrexate on T-cell prolifera- 
tion, is reversed by folic acid. Moreover, there are more 
than enough toxic oxygen metabolites being generated in 
the rheumatoid synovium to mediate the tissue damage 
present in this disease; another source of toxic agents 
would add relatively little. 
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Methotrexate-induced metabolic changes lead to increased extra- 
cellular adenosine. ADA = adenosine deaminase; AICAR = amino- 
imidazolecarboxamidoribonucleotide; AlCAside = aminoimidazole- 
carboxamidoribonucleoside; AK = adenosine kinase; AMPDA = AMP 
deaminase; DHF = dihydrofolate; DHF g | u = dihydrofolate 
polyglutamate; ecto-5'NT = ecto-5'nucleotidase; FAICAR = formyl- 
AICAR; IMP = inosine monophosphate; MTX = methotrexate; MTX g , u = 
methotrexate polyglutamate; RFC1 = reduced folate carrier 1. 



Methotrexate induces adenosine release 

Our laboratory originally proposed the hypothesis that the 
beneficial effects of methotrexate result from the intracellu- 
lar accumulation of intermediates in purine biosynthesis 
that, by a mechanism that has not been completely 
worked out, leads to increased concentrations of adeno- 
sine in the extracellular space [31]. This hypothesis 
sprang from the prior demonstration that intracellular 
accumulation of specific intermediates in the de novo syn- 
thesis of purines leads to adenosine release [32] and from 
our interest in the anti-inflammatory effects of adenosine, 
which are mediated by specific receptors on inflammatory 
cells. Prior work had demonstrated that methotrexate 
polyglutamates inhibit the enzyme aminoimidazolecarbox- 
amidoadenosineribonucleotide (AICAR) transformylase 
more potently than the other enzymes involved in purine 
biosynthesis [4,5,33]. This inhibition occurred at pharma- 
cologically relevant concentrations of methotrexate and 
might be expected to occur more readily with infrequent 
loading with methotrexate, since methotrexate polygluta- 
mates are long-lived metabolites (persisting for weeks). 
The presence of increased concentrations of AICAR 
metabolites in the urine of RA patients treated with 
methotrexate supports these findings [34,35]. The accu- 
mulation of AICAR and its metabolites has a direct 
inhibitory effect on at least two key enzymes, adenosine 
deaminase and AMP deaminase, with the end result of 
increased concentrations of adenosine and adenine 
nucleotides intracellular^ [4]. Methotrexate in doses 
similar to that used in the treatment of RA has been known 
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to cause the accumulation of AICAR in animal models of 
RA, and this accumulation is associated with an elevation 
in adenosine concentration in the extracellular space 
[32,36]. The exact mechanisms by which the elevation of 
extracellular adenosine arises are not fully understood, but 
dephosphorylation of adenine nucleotides is likely to be a 
major contributor, partly because of the ubiquitous nature 
of ATP in tissues and partly because of the widespread 
existence of ecto-5'-nucleotidase, an enzyme that cat- 
alyzes the dephosphorylation of AMP to adenosine [37]. 

All this evidence points to adenosine as a key mediator in 
the anti-inflammatory actions of methotrexate. In vivo exper- 
iments support this contention. The nonselective adeno- 
sine receptor antagonist 8-phenyl theophylline potentiated 
inflammatory responses in a hamster-cheek-pouch model 
[38]. Infusion of adenosine directly into the knee in rats 
inhibited the development of adjuvant-induced arthritis, and 
an adenosine receptor antagonist effectively reduced the 
severity of joint inflammation in a collagen-induced arthritis 
model in mice [39,40]. We have previously shown that the 
anti-inflammatory effects of methotrexate in carrageenan- 
induced mouse air pouch inflammation is reversed by an 
antagonist to the adenosine A 2A receptor, or by the addi- 
tion of adenosine deaminase, an adenosine-metabolizing 
enzyme, suggesting that adenosine is indeed responsible 
for the anti-inflammatory effects of methotrexate in vivo 
[36]. An interesting study by Silke et ai. showed that inges- 
tion of caffeine, a nonselective antagonist of adenosine 
receptors, in coffee correlates with poor clinical response 
to methotrexate, and patients with a high caffeine intake are 
more likely to discontinue methotrexate than those with a 
low caffeine intake [41]. 

To better appreciate how adenosine influences biological 
responses in the network of events taking place in an 
inflammatory milieu, something must be said about this 
autocoid and the cellular receptors with which it interacts 
to produce these physiological responses. Adenosine 
receptors, or P1 receptors, fall into four known subclasses: 
A 1? A 2A , A 2B , and A 3 . These are members of the large, 
seven-transmembrane-receptor family of receptors that 
influence cell signaling mechanisms by coupling to G pro- 
teins. The receptor sequences have been characterized 
and, with the exception of the A 3 receptor, they are highly 
conserved during evolution. Adenosine receptors modulate 
a vast array of physiological functions, from heart rate to 
the state of wakefulness. Adenosine, acting on P1 recep- 
tors, exerts a number of actions on a variety of cell types 
relevant to the anti-inflammatory effect of methotrexate. 

Cellular effects 

Neutrophils 

Neutrophils, a hallmark of acute inflammation, are among 
the first cells recruited into the inflammatory site. The limi- 
268 tation of neutrophilic-mediated damage relies in part on 



the modification of the adhesive capacity and ability to 
generate chemical damage, properties under purinergic 
influence. The resting neutrophil has a number of mecha- 
nisms that, once activated, can damage tissues. One of 
these is latent nicotinamide adenine dinucleotide phos- 
phate (NADPH) oxidase, a multimolecular complex that is 
assembled at the plasma membrane upon activation of the 
neutrophil and that generates oxygen radicals [42]. The 
first in the chain of these oxygen radicals is superoxide 
anion, and it was the discovery in 1983 that superoxide 
generation, as stimulated by a variety of agents including 
the chemoattractant A/-formyl-leucyl-phenylalanine (fMLP), 
the complement component C5a, and the calcium 
ionophore A23187, was inhibited by adenosine that 
sparked an interest in the anti-inflammatory properties of 
adenosine [43,44]. This physiological action of adenosine 
has subsequently been ascribed to its action on the 
adenosine A 2A receptor, which is present on the neu- 
trophilic surface membrane [45]. An important second 
messenger to adenosine-A 2A -receptor signaling in this 
respect appears to be 3',5'-cyclic adenosine monophos- 
phate (cAMP), the intracellular concentration of which 
increases with neutrophilic adenosine A 2A receptor stimu- 
lation. cAMP further activates protein kinase A down- 
stream and inhibition of protein kinase A reverses the 
effects of cAMP analogues but not of adenosine receptor 
agonists on stimulated neutrophilic superoxide anion gen- 
eration [46]. The cAMP-protein-kinase-A-dependent 
adenosine inhibition of neutrophil oxidative activity is medi- 
ated via the adenosine A 2A receptor [47]. One direct con- 
sequence of the interruption of superoxide anion formation 
and respiratory burst reactions is the protection of vascu- 
lar endothelial cells from neutrophil-mediated injury [48]. 

The adenosine-A 2A -receptor-mediated effects on neutro- 
phil function are dose-related. At concentrations similar to 
those required to inhibit the release of superoxide anions, 
adenosine, acting through A 2A receptors, inhibits adher- 
ence to endothelial cells by stimulated neutrophils [49]. 
This may be related in part to dose-related preferential 
recruitment of receptor subtype, since the adenosine A 1 
receptor exhibits many opposing physiological functions 
to those mediated by the A 2A receptor, including stimula- 
tion of neutrophil adherence to endothelial cells. Adeno- 
sine also inhibits the release of vascular endothelial 
growth factor from neutrophils, thereby enhancing vascu- 
lar permeability [50]. The dose-dependent response in 
adenosine action is also seen with Fc-gamma-receptor- 
mediated neutrophil phagocytosis, which is enhanced by 
A 1 receptor stimulation but inhibited via A 2 receptors [51]. 
In addition, adenosine also inhibits the TNF-induced gen- 
eration of elastase by neutrophils [52]. 

Expression of adhesive molecules is an important event 
that guides neutrophil recruitment into an inflammatory 
site through adhesion to the vascular endothelium. 



Available online http://arthritis-research.eom/content/4/4/266 



Adenosine has been known to be a modulator of the 
expression or function of adhesive molecules including 
P 2 -integrin, L-selectin, and CD1 1b/CD18 [49,53,54]. The 
activity of adenosine in the modulation of neutrophil adhe- 
sion again demonstrates the opposing roles of A 1 and A 2 
receptors [49]. 

Macrophages 

Cells of the monocyte-macrophage series are abundant 
in the rheumatoid synovium and pannus and contribute 
significantly to the tissue damage seen in both acute and 
chronic disease, as recently reviewed by Kinne and col- 
leagues [55]. Macrophages, the differentiated tissue form, 
are also critical producers of cytokines that play a promi- 
nent role in promoting proinflammatory responses that cul- 
minate in tissue damage. Like neutrophils, their capacity to 
phagocytose opsonized particles and to generate super- 
oxide anions plays a major role in eliciting tissue damage. 
Inhibition of Fc-gamma-receptor phagocytic activity in cul- 
tured monocytes is exhibited by adenosine at high con- 
centrations such as that seen with tissue damage and is a 
function mediated via adenosine A 2 receptors, while low 
concentrations of adenosine have the opposite effect on 
Fc-gamma-receptor phagocytic activity mediated via 
adenosine A 1 receptors [56]. Similarly, adenosine inhibits 
the generation of superoxide anions by monocytes stimu- 
lated with A/-formyl-leucyl phenylalanine [57]. 

One of the well known though uncommon side effects of 
methotrexate treatment is the formation of subcutaneous 
nodules, often similar in histological appearance though 
not in distribution to those found in rheumatoid disease. A 
hallmark of these subcutaneous nodules is the existence 
of the multinucleated giant cell, formed by fusion of 
macrophages. The fusion of macrophages into multinucle- 
ated giant cells is enhanced by stimulation of the adeno- 
sine A 1 receptor and is inhibited by activation of the A 2 
receptor [58,59]. 

The recent success of anti-TNF therapy highlights the role 
of cytokines as important mediators of inflammatory activ- 
ity. Not surprisingly, methotrexate, still one of the most 
effective disease-modifying antirheumatic drugs for the 
treatment of RA, acting through the release of adenosine, 
also inhibits the production of TNF-a, although the adeno- 
sine receptor involved in this action remains controversial 
[60-63]. Modulation of cytokine production by adenosine 
extends far beyond TNF-a and includes observable effects 
on IL-6, IL-8, IL-10, IL-12, and macrophage inflammatory 
protein-1a (MIP-1a) [40,64,65]. Cytokines themselves 
can regulate the expression of adenosine receptors on 
monocytic cells and thereby modulate adenosine-medi- 
ated responses, as we and others have recently shown 
[66,67]. Macrophage production of nitric oxide and nitric 
oxide synthase is also inhibited by adenosine, probably via 
A 2B receptors [65,67]. 



Endothelial cells 

Endothelial cells are effective transit barriers between 
vessels and tissue and as such are notable in inflammation 
not only because of their expression of adhesive mole- 
cules, which allow leukocytes their access to inflammatory 
sites. The effectiveness of this barrier function relies in 
part on the preservation of impermeability to circulating 
cells homing in to take part in inflammatory reactions in the 
tissues. Adenosine enhances this barrier function by 
decreasing enthothelial permeability via A 2B receptor and 
helps limit potential tissue damage [68,69]. Production of 
inflammatory cytokines such as IL-6 and IL-8 and expres- 
sion of adhesive molecules such as intercellular adhesion 
molecule-1 (ICAM-1) and E-selectin by endothelial cells 
are also suppressed by adenosine [70]. Another important 
aspect of inflammation lies in the proliferation and migra- 
tion of endothelial cells in the process of angiogenesis, 
which is enhanced by the presence of adenosine, proba- 
bly acting through A 2 receptors [71-73]. Adenosine may 
also induce apoptosis of endothelial cells, thus potentially 
enhancing the extravasation of inflammatory fluids [74]. 

Humoral and cellular immune responses 

Rheumatoid factor, or autoantibodies directed against the 
Fc portion of IgG, is a hallmark of RA, although its exact 
role in the pathogenesis of the disease has been debated. 
The effect of methotrexate on the levels of circulating IgM 
rheumatoid factors has also been controversial. While 
some workers have reported no suppression of serum 
rheumatoid factor levels with methotrexate treatment, 
Alarcon et ai. observed significant drops in the levels of 
both IgM and IgA rheumatoid factors in methotrexate- 
treated patients, and particularly of the concentration of 
IgM rheumatoid factor in those who showed clinical 
improvement [75]. These findings were confirmed by other 
groups in studies done both in vivo and ex vivo [76-80], 
although it is unclear whether this is a primary or sec- 
ondary effect of adenosine. 

T lymphocytes have received much attention in relation to 
the pathogenesis of RA and opinions differ in their contri- 
bution to the causation of the disease. The presence of 
these cells in the affected synovium and the strong 
ethnicity-dependent HLA-DR associations implicate T 
lymphocytes as key players in the disease process. One 
possible explanation of the beneficial actions of methotrex- 
ate in RA is the diminution of both the size and reactivity of 
the T-lymphocyte population. There are suggestions that 
this may be accomplished by the induction of apoptosis in 
activated T cells [24]. This suggestion is consistent with 
the observations of reductions in peripheral blood T and B 
lymphocyte populations after short-term methotrexate 
treatment [81], and methotrexate induction of apoptosis in 
inflammatory cells may be relevant to its antirheumatic 
actions in vivo [82]. In contrast, significant increases in 
the CD3- and CD4-positive peripheral blood cells and 269 
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enhancement of stimulated lymphocyte proliferation have 
been observed after long-term treatment with methotrex- 
ate [83], and adenosine, acting through A 2A and A 2B 
receptors, may play a role in T-cell deactivation [84,85]. 
Nonetheless, the role of these shifts in T-cell function and 
trafficking in the pathogenesis of RA is unclear. 

Phlogistic responses 

Cytokines are messengers with major roles in inflammatory 
and immune responses and have been targets of interest in 
recent therapeutic developments in chronic arthritis, with 
TNF-a and IL-1 as the focus of interest [86]. In animal 
models of chronic arthritis, methotrexate was thought to be 
useful in reducing the production of IL-1 [87,88]. In 
support of these findings, clinical studies of RA patients 
receiving methotrexate treatment have documented reduc- 
tions in monocytic IL-1 production but not serum concen- 
trations of IL-1 [89]. Others have disputed this view and 
suggested that alterations in IL-1 responses were related 
to diminutions in the ability of cells to respond to IL-1 rather 
than to direct inhibition of its production, perhaps through 
dose-dependent ligand binding [90-92]. 

Methotrexate is also known to suppress TNF activity by 
suppressing TNF-induced nuclear factor-xB activation in 
vitro, in part related to a reduction in the degradation and 
inactivation of an inhibitor of this factor, IkBoc, and proba- 
bly related to the release of adenosine [93]. The genera- 
tion of TNF-a by peripheral blood mononuclear cells is 
suppressed by an adenosine kinase inhibitor, by virtue of 
its ability to limit adenosine uptake and metabolism and 
thereby enhance extracellular adenosine concentration 
[94]. TNF-a synthesis in T cells and macrophages is sup- 
pressed [95]. In the murine collagen-induced arthritis 
model, in vivo intraperitoneal methotrexate treatment 
reduced TNF serum levels and diminished TNF production 
by splenic T cells and macrophages [96]. Methotrexate 
suppresses the production of both TNF and IFN-y by T- 
cell-receptor-primed T lymphocytes from both healthy 
human donors and RA patients [97]. In early RA, in which 
the disease duration is less than 6 months, methotrexate 
treatment is associated with a significant decrease of 
TNF-a-positive CD4+ T cells, while the number of T cells 
expressing the anti-inflammatory cytokine IL-1 0 increased 
[98]. Methotrexate is also known to suppress the IL-6- 
induced generation of reactive oxygen species in the syn- 
oviocytes of RA patients [99]. Serum IL-6 levels have also 
declined after methotrexate treatment in RA patients in 
some studies [1 00]. Constantin et ai. reported that ex vivo 
treatment of peripheral blood monocytes with methotrex- 
ate increased expression of IL-4 and IL-1 0 while IL-2 and 
interferon-y expression were decreased, suggesting that 
the immunoregulatory role of methotrexate is also targeted 
at adjusting the balance between Th1 proinflammatory 
and Th2 anti-inflammatory cytokines [1 01]. Again, the mol- 
270 ecular mechanism of these changes is unclear. 



Conclusion 

Our search for mechanisms governing the inflammatory 
response has uncovered many facets relevant to the patho- 
genesis of arthitic diseases. The success of methotrexate 
as an antirheumatic agent rests on its many actions that 
affect a wide variety of pathogenic mechanisms, many of 
which are mediated by the release of adenosine. The mole- 
cular mechanism for many of these phenomena is related 
to the enhanced release of adenosine into the extracellular 
space, where it can activate its receptors on relevant cell 
types. In this respect, methotrexate is an excellent example 
of how knowledge and continuing research in molecular 
biology and pharmacology can be employed in the refine- 
ment of existing medications originally used on an observa- 
tional basis. Such understanding will form the basis for the 
development of new and more effective therapy for the 
treatment of rheumatic diseases. 
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Abstract 

We and others have shown that an increased extracellular 
concentration of adenosine mediates the antiinflammatory 
effects of methotrexate and sulfasalazine both in vitro and 
in vivo, but the mechanism by which these drugs increase 
extracellular adenosine remains unclear. The results of the 
experiments reported here provide three distinct lines of ev- 
idence that adenosine results from the ecto-5 '-nucleotidase- 
mediated conversion of adenine nucleotides to adenosine. 
First, pretreatment of a human microvascular endothelial cell 
line (HMEC-1) with methotrexate increases extracellular 
adenosine after exposure of the pretreated cells to activated 
neutrophils; the ecto-5 '-nucleotidase inhibitor a,p-methylene 
adenosine-5' -diphosphate (APCP) abrogates completely the 
increase in extracellular adenosine. Second, there is no meth- 
otrexate-mediated increase in extracellular adenosine concen- 
tration in the supernate of cells deficient in ecto-5 '-nucleoti- 
dase, but there is a marked increase in extracellular adenosine 
concentration in the supernates of these cells after trans- 
fection and surface expression of the enzyme. Finally, as we 
have shown previously, adenosine mediates the antiinflam- 
matory effects of methotrexate and sulfasalazine in the mu- 
rine air pouch model of inflammation, and injection of APCP, 
the ecto-5 -nucleotidase inhibitor, abrogates completely the in- 
crease in adenosine and the decrement in inflammation in this 
in vivo model. These results not only show that ecto-5 '-nucleo- 
tidase activity is a critical mediator of methotrexate- and 
sulfasalazine-induced antiinflammatory activity in vitro and 
in vivo but also indicate that adenine nucleotides, released 
from cells, are the source of extracellular adenosine. (J. Clin. 
Invest. 1998. 101:295-300.) Key words: adenosine • ecto-5 - 
nucleotidase • methotrexate • sulfasalazine • inflammation 

Introduction 

We have demonstrated previously in both in vitro and in vivo 
studies that the antiinflammatory properties of low-dose meth- 
otrexate and sulfasalazine are mediated by adenosine, a potent 
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antiinflammatory autocoid (1-3). Methotrexate and sulfasala- 
zine promote adenosine release from a variety of different cell 
types and tissues, particularly when the cells or tissues are un- 
dergoing a physiologic stress (1, 3). The adenosine released at 
inflamed sites interacts with specific receptors on inflamma- 
tory cells to diminish inflammation and tissue injury (for a re- 
view see reference 4). 

The mechanism by which methotrexate and sulfasalazine 
promote adenosine release is not well understood. Both meth- 
otrexate and sulfasalazine are taken up by cells where they or 
their metabolites inhibit 5-aminoimidazole-4-carboxamide ri- 
bonucleotide (AICAR) 1 transformylase (5-7). The two- to 
threefold increase in intracellular (splenocyte) AICAR con- 
centration in animals treated with pharmacologically relevant 
doses of methotrexate or sulfasalazine is consistent with the 
hypothesis that low- dose methotrexate treatment leads to inhi- 
bition of AICAR transformylase in vivo (2, 3). Intracellular 
AICAR accumulation has been associated with adenosine re- 
lease (8-10), although how and whether intracellular AICAR 
accumulation promotes adenosine release have not been es- 
tablished. 

One potential explanation for the effect of AICAR accu- 
mulation on adenosine release is that AICAR inhibits AMP 
deaminase, thereby increasing intracellular AMP, which may 
be dephosphorylated either intracellularly or extracellularly to 
adenosine. Alternatively, accumulated AICAR may be de- 
phosphorylated to its ribonucleoside, an inhibitor of adenosine 
deaminase, an enzyme that irreversibly deaminates adenosine 
and deoxy adenosine to inosine and deoxyinosine. 

To begin to understand the molecular mechanism by which 
methotrexate treatment leads to adenosine release, we tested 
the hypothesis that the adenosine released from stressed cells 
and tissues after treatment with methotrexate and sulfasala- 
zine is derived from the extracellular dephosphorylation of ad- 
enine nucleotides rather than the direct release of adenosine. 
We report here evidence from both in vitro and in vivo experi- 
ments that the methotrexate- and sulfas alazine-mediated in- 
crease in extracellular adenosine is accounted for completely 
by the extracellular generation of adenosine from adenine nu- 
cleotides via the ecto-5'-nucleotidase-catalyzed dephosphory- 
lation of AMP. 

Methods 

Materials. a,(3-Methylene adenosine-5 '-diphosphate (APCP) and 
carrageenan were obtained from Sigma Chemical Co. (St. Louis, 



1. Abbreviations used in this paper: AICAR, 5-aminoimidazole-4-car- 
boxamide ribonucleotide; APCP, a,(3-methylene adenosine-5 '-diphos- 
phate; HBS, Hepes-buffered saline; HMEC-1, human microvascular 
endothelial cell line 1; LDH, lactate dehydrogenase. 
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MO). All tissue culture media and reagents were purchased from 
GIBCO BRL (Gaithersburg, MD). Methotrexate was obtained from 
Immunex Corp. (San Juan, Puerto Rico). All other reagents were of 
the highest quality obtainable. 

Isolation of leukocytes. Human neutrophils were isolated from 
whole blood after centrifugation through Hypaque-Ficoll gradients, 
sedimentation through dextran (6% wt/vol), and hypotonic lysis of 
red blood cells. Neutrophils were suspended in Hep es -buffered saline 
(HBS) supplemented with Mg 2+ and Ca 2+ and counted before addition 
to confluent human microvascular endothelial cell line 1 (HMEC-1) 
monolayers (11). 

Cell culture. HMEC-1 (obtained from the Centers for Disease 
Control and Prevention) was cultured in 96-well plates in 200 |jl1 of 
MCDB 131 supplemented with 10% FBS, 3% 200 raM L-glutamine, 
1% penicillin/streptomycin in a 5% C0 2 atmosphere at 37°C. Subcon- 
fluent (60-70% confluent) monolayers were then washed twice with 
fresh medium and incubated for 48 h at 37°C and 5% C0 2 atmo- 
sphere in fresh medium alone or medium containing methotrexate 
(100 nM). Both methotrexate -treated and control HMEC-1 cells 
reached confluence under these conditions by the time experiments 
with neutrophils were performed. 

293T cells, a human renal carcinoma cell line transfected with 
large T antigen, deficient for ecto-5' -nucleotidase (CD73 [12]) were 
grown to 60-70% confluence (before transfection and treatment with 
methotrexate) on 6-well plates in 4 ml DME supplemented with 10% 
FCS, 3% 200 mM L-glutamine, and 1% penicillin/streptomycin at 
37°C in a humidified atmosphere of 5% C0 2 in air. Monolayers were 
then washed, and medium was replaced with either fresh medium 
alone or medium containing methotrexate (100 nM). Cells were then 
grown to confluence over 48 h. Under these conditions, methotrexate 
did not diminish cell proliferation, and the 293T cells grew to conflu- 
ence in medium with or without methotrexate. 

Stimulation of confluent HMEC-1 with PMNs in the presence of 
APCP. Monolayers of HMEC-1 cells grown to confluence in 96-well 
plates were washed twice with medium. To each well were then 
added, sequentially, 50 |jl1 of HBS containing APCP (50 |jlM) or HBS 
alone, 100 jjlI of HBS containing 1.5 X 10 5 PMNs, followed by 50 |jl1 
of either HBS alone or HBS containing the chemotactic peptide 
7V-formyl-methionyl-leucyl -phenylalanine (FMLP, 100 nM). Plates 
were then incubated for 2 h (37°C, 5% C0 2 ). 

Collection of supernatants and pouch exudates for quantitation of 
adenosine by HPLC Aliquots of pouch exudates or cell culture su- 
pernates were added to a similar volume of TCA (10% vol/vol) fol- 
lowed by extraction of the organic acid with freon/trioctylamine 
(77.5/22.5 %, vol/vol). The adenosine concentration of the superna- 
tants was determined by reverse -phase HPLC, as we have described 
previously (13). Briefly, samples were applied to a |jiBondapackC18 
column (Waters Corp., Milford, MA) and eluted with a 0^10% linear 
gradient (formed over 60 min) of 0.01 M ammonium phosphate (pH 
5.5) and methanol, with a 1.5 ml/min flow rate. Adenosine was identi- 
fied by retention time and the characteristic ultraviolet ratio of absor- 
bance at 250/260, and the concentration was calculated by compari- 
son to standards. In some experiments, the adenosine peak was 
digested by treatment with adenosine deaminase (0.15 IU/ml, 30 min 
at 37°C) to confirm that the peak so identified contains only adeno- 
sine (14). Preliminary studies demonstrated that 90% of added aden- 
osine is recovered using this technique. 

Expression vectors and transfection of CD73 into 293T cells. The 
p(3 NT expression vector was constructed as described and contains a 
cDNA for CD73 (15, 16). The empty expression vector, p(3 neo , which 
lacks the CD73 cDNA insert, was used as a negative control (sham 
transfection). The expression vectors for p(3 NT and p[3 neo were trans- 
formed into DaH5 Escherichia coli, and positive clones were selected 
by ampicillin resistance and restriction enzyme digest. Large scale 
plasmid preparations were grown and purified following the instruc- 
tions provided in a commercial kit (QIAGEN Inc., Chatsworth, CA). 
Medium was removed from subconfluent 293T fibroblasts on 6-well 
plates and replaced with 3.7 ml DME containing either methotrexate 



(100 nM) or medium alone, supplemented with 10% FCS, 3% 200 mM 
L-glutamine, and 1% penicillin/streptomycin. After a 4-h incubation 
at 37°C in a humidified atmosphere of 5% C0 2 , cells were transfected 
with 300 of either a p(3 NT or pp neo plasmid DNA calcium phosphate 
solution (5 |jLg of plasmid per 4 ml of medium) via the calcium phos- 
phate precipitation method (17). This medium was removed after a 
12-16-h incubation period and replaced with fresh medium or me- 
dium in the presence of methotrexate. Cells were incubated for an ad- 
ditional 24 h, for a total of 44-48 h of methotrexate treatment (15). 

Stimulation of 293 T fibroblasts with 100 (jlM hydrogen peroxide, 
and collection of supernates for adenosine determination. Transfected 
cells were washed twice with HBS and were then treated with 100 |jlM 
H 2 0 2 in Hepes or Hepes alone for 1 h at 37°C and 5% C0 2 . Superna- 
tants were collected for HPLC analysis as described above. Neither 
transfection, methotrexate treatment, H 2 0 2 , nor their combination 
altered cell viability, as determined by release of lactate dehydroge- 
nase (LDH), as we have described previously (13). 

Immunofluorescence. Surface expression of ecto-5 '-nucleotidase 
(CD73) was determined after immunofluo re scent labeling by flow cy- 
tometry (FACScan®; Becton Dickinson, Mountain View, CA) using 
techniques we have described previously (18). Briefly, cells were 
stripped from their substrate after incubation in EDTA (0.01% wt/ 
vol) in PBS followed by scraping with a rubber policeman. Cells were 
washed and then resuspended (2-4 X 10 6 in a final volume of 50 |jl1) in 
PBS or PBS containing 25 |xg/ml anti-CD73 (1E9 [15]) or FLOPC-21 
(a murine mAb directed against an irrelevant antigen). Labeled cells 
were then resuspended in 1 ml of PBS/1 % sodium azide, washed, and 
then labeled by incubation in the presence of purified goat anti- 
mouse IgG 3 labeled with phycoerythrin (Southern Biotechnology As- 
sociates, Inc., Birmingham, AL). Labeling was quantitated by flow 
cytometry (FACScan®). 

Carrageenan-induced inflammation in the murine air pouch. 
Mice (BALB/c; Taconic Farms Inc., Germantown, NY) were treated 
weekly with methotrexate (0.5 mg/kg) or a similar volume of saline 
intraperitoneally, followed by induction of inflammation (injection of 
1 ml of a suspension of carrageenan, 2% wt/vol) in an air pouch de- 
veloped on the back of the mice, as we have described previously (2). 
The air pouch exudate was collected, and the number of leukocytes 
and adenosine concentration were quantitated, as we have described 
(2). In other experiments, the animals received sulfasalazine (100 mg/ 
kg) or a similar volume of saline daily by gastric gavage during the in- 
duction of the air pouch for 3 d. On the third day, inflammation was 
induced by injection of carrageenan (3). 

Statistical analysis. Data were analyzed using a two-tailed Stu- 
dent's t test with the statistical package included in EXCEL (Mi- 
crosoft, Inc., Redmond, WA). 

Results 

To determine whether adenosine is generated extracellularly 
from nucleotides or is released from an intracellular store, we 
determined the effect of the ecto-5' -nucleotidase inhibitor 
APCP (50 jjlM) on adenosine release from HMEC-1 cells ex- 
posed to stimulated neutrophils. We found, as we have re- 
ported previously for fibroblasts and human umbilical vein en- 
dothelial cells, that stimulated neutrophils promote adenosine 
release from methotrexate -treated HMEC-1 (Fig. 1;P < 0.01, 
n = 6). The ecto-5 '-nucleotidase inhibitor APCP did not de- 
crease significantly adenosine concentrations in supernates of 
control monolayers but abrogated completely the methotrex- 
ate -induced adenosine increase in supernates of methotrexate- 
treated HMEC-1 cells (P < 0.01, n = 6). These findings are 
consistent with the hypothesis that the increased extracellular 
adenosine concentration present in supernatants of methotrex- 
ate -treated HMEC-1 cells is derived from nucleotides released 
into the extracellular space. 
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Figure 1. The effect of the ecto-5 '-nucleotidase inhibitor APCP (50 |jlM) 
on methotrexate (MTX) -mediated increases in extracellular adeno- 
sine. Subconfluent monolayers of the HMEC-1 were incubated with 
medium alone (CTRL) or medium plus methotrexate (0.1 |jlM) for 
48 h (37°C, 5% C0 2 ) until confluent. After washing, the monolayers 
were then exposed to stimulated (FMLP, 100 nM) neutrophils (1.5 X 
10 5 per well) for 2 h (37°C, 5% C0 2 ) before the supernates were col- 
lected and adenosine was quantitated, as described. Shown are the re- 
sults (±SEM) of six experiments. 



To confirm the hypothesis that adenosine is formed extra- 
cellularly by the ecto-5' -nucleotidase-mediated dephosphory- 
lation of AMP, we determined the effect of methotrexate on 
adenosine release from cells deficient in ecto-5' -nucleotidase 
(293T cells [12]). Because these cells adhere poorly to their 
substrate after exposure to stimulated neutrophils, a phenome- 
non which might reflect significant cellular injury, we studied 
the effect of oxidant stress (H 2 0 2 , 100 |jlM), a stress that leaves 
the monolayers intact, on adenosine release by 293T cells. Su- 
pernatants of 293T cells did not contain detectable adenosine, 



Table I. Adenosine Release by 293 T Cells: The Effect of 
Methotrexate, H 2 0 2 , and Expression of Ecto-5' -nucleotidase 





Medium 


Medium + 

H 2 0 2 


Metho- 
trexate 


Metho- 
trexate 4- H 2 0 2 


No transfection 


ND 


ND 


ND 


ND 


Sham transfection 


ND 


ND 


ND 


ND 


Transfection and 










expression of 
ecto-5 '-nucleotidase 


ND 


ND 


ND 


65±6nM* 



293T cells were grown to 60-70% confluence before transfection with 
ppneo expression vector alone (sham transfection) or the pp OT vector 
containing cDNA for CD73, as described. Cells were then cultured for a 
further 44-48 h in the presence or absence of methotrexate (1 \xM) be- 
fore washing and exposure of the cells to H 2 0 2 (100 |xM). After 3 h of 
incubation with medium or H 2 0 2 , the medium was collected, and the 
adenosine content was quantitated by HPLC. In these experiments, all 
conditions were performed in triplicate, and the results shown represent 
the mean (±SEM) of three different experiments. In parallel experi- 
ments, neither methotrexate nor H 2 0 2 treatment increased LDH release 
(< 2% release under all conditions) from control, sham-transfected, or 
transfected cells. ND, None detected. The lower limit of detection is 5 nM. 
*P < 0.001 vs. control, Student's t test. 




Fluorescence 



Figure 2. 293T cells 
transfected with ecto-5 '- 
nucleotidase express 
the enzyme on their sur- 
face. 293T cells trans- 
fected with p|3 NT expres- 
sion vector containing 
the coding sequence of 
ecto-5 ' -nucleotidase 
(Transfected) or with 
the expression vector 
alone (Sham Trans- 
fected) were harvested 
and labeled for the 
expression of ecto-5 '- 
nucleotidase by immu- 
nofluorescence, as 
described. Shown is a single representative cytofluorogram (of six) 
demonstrating surface expression of ecto-5 '-nucleotidase on 293T 
cells. Labeling of sham-transfected cells did not differ from back- 
ground or isotype control-labeled cells. 



whether the cells were resting, treated with methotrexate, ex- 
posed to H 2 0 2 , or treated with methotrexate followed by H 2 0 2 
(Table I). After transfection and expression of ecto-5' -nucle- 
otidase (optimal expression at 24 h; Fig. 2), adenosine could be 
detected only in the supernate of cells pre treated with meth- 
otrexate followed by H 2 0 2 treatment, but not in sham-trans- 
fected cells (Table I). These studies provide more rigorous 
proof of the hypothesis that adenine nucleotide, released in 
excess from methotrexate -treated cells, is converted extracel- 
lularly to adenosine by the action of ecto-5' -nucleotidase. 
Moreover, the strong correlation of the results obtained with 
ecto-5 '-nucleotidase-deficient cells with the results obtained 
using the ecto-5' -nucleotidase inhibitor APCP confirms the se- 
lectivity of the inhibitor as far as adenosine production is con- 
cerned. 

In previous studies, we have demonstrated that methotrex- 
ate promotes a marked increase in adenosine release into an 
inflammatory exudate, and that the increase of adenosine di- 
minishes inflammation (2). To test further the hypothesis that 
adenosine is derived from the extracellular dephosphorylation 
of AMP by ecto-5 '-nucleotidase, we determined the effect of 
the ecto-5 '-nucleotidase inhibitor APCP on inflammation in 
the murine air pouch. As we have reported previously, meth- 
otrexate treatment promoted adenosine release (P < 0.01, n = 
6) and diminished leukocyte accumulation in the murine air 
pouch (Fig. 3; P < 0.05, n = 6). Injection of APCP into the in- 
flamed air pouch did not affect either adenosine release or leu- 
kocyte accumulation in control animals or animals treated with 
dexamethasone (data not shown), but abrogated completely 
the methotrexate-mediated increase in exudate adenosine 
concentration (P < 0.01, n = 6) and decrease in leukocyte ac- 
cumulation (P < 0.05, n = 6). These results parallel the results 
of the in vitro experiments and confirm the hypothesis that 
methotrexate treatment leads to increased extracellular aden- 
osine concentrations by a mechanism which is dependent 
upon the extracellular dephosphorylation of adenine nucle- 
otides. 

We have demonstrated previously that adenosine also me- 
diates the antiinflammatory effects of sulfasalazine in the mu- 
rine air pouch model of inflammation (3). Therefore, we deter- 
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Figure 3. Injection of the ecto-5 '-nucleotidase inhibitor APCP (100 |jlM) 
into an inflamed air pouch reverses the antiinflammatory effects of 
methotrexate and diminishes methotrexate -mediated increase in exu- 
date adenosine concentrations. BALB/c mice were treated with four 
weekly intraperitoneal injections of saline (CTRL) or methotrexate 
(MTX, 0.5 mg/kg) before development of the air pouch and induction 
of inflammation by injection of carrageenan. In some animals, the 
carrageenan was suspended in saline containing the ecto-5 '-nucleo- 
tidase inhibitor APCP (100 |jlM). Shown are the mean (±SEM) num- 
ber of leukocytes accumulating in the inflamed air pouches (A) of six 
animals treated as described. Also shown is the mean (±SEM) exu- 
date adenosine concentration of the exudates (B) from three of these 
six animals. 



mined whether sulfasalazine, which appears to act by the same 
mechanism as methotrexate, also increases extracellular adeno- 
sine by a mechanism dependent on ecto-5'-nucleotidase-medi- 
ated dephosphorylation of AMP in the murine air pouch 
model. As with methotrexate, inhibition of ecto-5'-nucleoti- 
dase by APCP reversed completely the sulfasalazine -mediated 
increase in exudate adenosine (P < 0.0007, n = 6) and de- 
crease in exudate leukocyte count (P < 0.05, n = 6; Fig. 4). 
These results are consistent with the previous demonstration 
that adenosine mediates the antiinflammatory effects of sul- 
fasalazine in the murine air pouch model of inflammation, and 
confirm our previous demonstration that sulfasalazine and 
methotrexate share an antiinflammatory mechanism. 

Discussion 

We report here three lines of evidence supporting the hypoth- 
esis that ecto-5' -nucleotidase activity is required for metho- 



trexate -mediated increases in extracellular adenosine. First, 
the relatively specific inhibitor of ecto-5' -nucleotidase, APCP, 
blocks completely the methotrexate-mediated increase in ex- 
tracellular adenosine in supernates from HMEC-1 exposed 
to stimulated neutrophils. Second, cells that do not express 
ecto-5'-nucleotidase activity do not release adenosine under 
any conditions, but after transfection and expression of 
ecto-5 '-nucleotidase on their surface, incubation with H 2 0 2 af- 
ter treatment with methotrexate does lead to adenosine re- 
lease. Finally, injection of the ecto-5' -nucleotidase inhibitor 
APCP into the air pouch with the inflammatory stimulus pre- 
vents completely the methotrexate- and sulfasalazine -mediated 
release of adenosine into the inflammatory exudate, and re- 
verses the antiinflammatory effects of methotrexate and sul- 
fasalazine. These findings also exclude intracellular adenosine 
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Figure 4. Injection of the ecto-5'-nucleotidase inhibitor APCP (100 |jlM) 
into an inflamed air pouch reverses the antiinflammatory effects of 
sulfasalazine and diminishes sulfasalazine -mediated increases in exu- 
date adenosine concentrations. BALB/c mice were treated with sa- 
line (CTRL) or sulfasalazine (SSA, 100 mg/kg) by oral gavage for 3 d 
during the development of the air pouch. Inflammation was induced 
on the third day by injection of carrageenan, as described. In some 
animals, the carrageenan was suspended in saline containing the 
ecto-5'-nucleotidase inhibitor APCP (100 |jlM). Shown are the mean 
(±SEM) number of leukocytes accumulating in the inflamed air 
pouches (A) of six animals treated as described. Also shown is the 
mean (±SEM) exudate adenosine concentration of the exudates 
from these six animals (B). 



298 Morabito et al 



generated as a consequence of adenosine deaminase inhibition 
as a source for the enhanced adenosine concentrations in the 
supernates of methotrexate-treated cells and the inflammatory 
exudates of methotrexate-treated animals. 

Previous studies have demonstrated that the low levels of 
adenosine found in the supernatant of a variety of different 
cell types are derived from adenine nucleotides, but no previ- 
ous studies have demonstrated that pharmacologic agents may 
enhance this mechanism for increasing extracellular adenosine 
concentrations. Thus, Kitakaze and co-workers have reported 
that neutrophils release adenosine which is derived primarily 
from the ecto-5 '-nucleotidase-medi ate d dephosphorylation of 
adenine nucleotides (19). Similarly, endothelial cells release 
adenine nucleotides, and inhibition of ecto-5' -nucleotidase in- 
creases adenine nucleotide and decreases adenosine concen- 
trations in the supernatant of these cells (20). Both of these ob- 
servations depend on the use of an enzyme inhibitor which 
may have other effects on adenosine and adenine nucleotide 
metabolism as well. Although our studies do not address the 
precise metabolic source of extracellular adenine nucleotide 
released from normal or stressed cells, our results clearly dem- 
onstrate that ecto-5' -nucleotidase-mediated conversion of ad- 
enine nucleotides is required for methotrexate and sulfasala- 
zine to increase adenosine release. 

One mechanism by which methotrexate and sulfasalazine 
could increase extracellular adenosine is by directly increasing 
adenine nucleotide release as a result of cellular injury or ne- 
crosis. We found no evidence to indicate that methotrexate, 
H 2 0 2 , or their combination were toxic to 293T cells (resting or 
transfected) or HMEC-1 cells at the concentrations studied 
(LDH release). It is more likely that cell necrosis could in- 
crease adenine nucleotide release in the inflamed murine air 
pouches, although greater necrosis and destruction of pouch 
structures are, in fact, observed in the pouches of control than 
methotrexate- or sulfasalazine-treated animals. Moreover, there 
is a clear inverse correlation between exudate adenosine con- 
centration and the number of leukocytes present in the tissue 
or the exudate of the air pouches (2, 3). 

A second mechanism by which methotrexate and sulfasala- 
zine could promote adenine nucleotide release is by promoting 
exocytosis of adenine nucleotide-containing intracellular vesi- 
cles. Both platelets and neurons release adenine nucleotides as 
a result of stimulated exocytosis, although none of the cells 
studied here have been shown previously to contain or release 
intracellular granules containing adenine nucleotides. 

Another more likely explanation for the methotrexate- and 
sulfasalazine-mediated increase in extracellular adenosine is 
that methotrexate and sulfasalazine modulate purine nucle- 
otide metabolism, and thereby promote the release of adenine 
nucleotides from the cells studied. Prior studies have demon- 
strated that human neutrophils release adenosine without exo- 
cytosis (13, 19, 21), and the apparent quantity of adenosine re- 
leased is proportional to the "energy charge" of the cells (21). 
Madara and colleagues have demonstrated subsequently that 
neutrophils directly release AMP (22), which may be con- 
verted to adenosine by the action of ecto-5' -nucleotidase ex- 
pressed on gut epithelial cells (19). Since methotrexate and 
sulfasalazine increase adenosine release from HMEC-1 and 
293T cells only in the presence of a noxious stimulus (stimu- 
lated neutrophils or H 2 0 2 ), it is most likely that methotrexate - 
induced adenine nucleotide (and thus, adenosine) release is 
enhanced only under conditions in which the energy charge of 



the treated cells or tissues is lowered, as occurs in inflamma- 
tion. Whatever the metabolic steps involved, the mechanism 
by which adenine nucleotide accumulates extracellular ly is not 
known. Although it is most likely that adenine nucleotide dif- 
fuses or is transported across the plasma membrane, the pro- 
cess by which this occurs remains a matter of speculation. 

It is also possible that the methotrexate- and sulfasalazine- 
mediated increase in extracellular adenosine is due to block- 
ade of adenosine uptake or use in the presence of a constant 
rate of release of adenine nucleotides. Thus, Deussen et al. 
(20) have reported that macrovascular endothelial cells release 
adenine nucleotide at a constant rate, and that the adenine nu- 
cleotide is converted extracellularly to adenosine under resting 
conditions. Moreover, maneuvers which enhanced adenine nu- 
cleotide release from endothelial cells or diminished adenosine 
use by these cells increased extracellular adenosine concentra- 
tions; a greater effect on extracellular adenosine production 
was observed when adenosine use was inhibited (20). How- 
ever, it is unlikely that methotrexate is acting as a direct inhibi- 
tor of adenosine uptake, since methotrexate treatment in- 
creases extracellular adenosine but decreases extracellular 
hypoxan thine and inosine (1), a finding inconsistent with the 
hypothesis that purine uptake is diminished, since inosine and 
adenosine share a transporter. In contrast, diminished adeno- 
sine use in the presence of constant adenine nucleotide release 
may lead to increased extracellular adenosine concentrations, 
an increase which is marked at inflamed sites (23). As we have 
demonstrated previously, AICAR accumulates intracellular ly 
after both methotrexate and sulfasalazine treatment (2, 3), and 
AICAR undergoes a cycle of dephosphorylation and adeno- 
sine kinase-dependent rephosphorylation similar to AMP (24). 
Although increased AICAR dephosphorylation-rephosphory- 
lation has not previously been associated with cellular stress, 
the increased intracellular AICAR concentration present after 
methotrexate or sulfasalazine treatment may lead to competi- 
tion with adenosine for adenosine kinase-dependent phosphor- 
ylation, and thereby diminish adenosine use. Others have re- 
ported that adenosine kinase activity is diminished under 
conditions of hypoxia, a phenomenon which contributes to in- 
creased adenosine release (25). Thus, although the effect of in- 
flammation (or H 2 0 2 ) on adenosine kinase activity has not 
been tested, it is possible that diminished adenosine use by ad- 
enosine kinase in the presence of modest increases in cellular 
AICAR concentration leads to a marked increase in extracel- 
lular adenosine concentration. 

Both methotrexate and sulfasalazine, commonly used and 
effective antiinflammatory agents, diminish inflammation by 
promoting an increase in extracellular adenosine concentra- 
tion. Our results indicate that the capacity of these antiinflam- 
matory agents to promote an increase in extracellular adeno- 
sine concentration is completely dependent on the extracellular 
conversion of adenine nucleotides to adenosine. These obser- 
vations suggest further that other agents that promote release 
of adenine nucleotides may prove to be effective for the treat- 
ment of such inflammatory diseases as rheumatoid arthritis. 
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REVERSAL OF THE ANTIINFLAMMATORY EFFECTS OF 
METHOTREXATE BY THE NONSELECTIVE ADENOSINE RECEPTOR 
ANTAGONISTS THEOPHYLLINE AND CAFFEINE 

Evidence that the Antiinflammatory Effects of Methotrexate are Mediated Via Multiple 
Adenosine Receptors in Rat Adjuvant Arthritis 



M. CARMEN MONTESINOS, JOSEPHINE S. YAP, AVANI DESAI, INMACULADA POSADAS, 
CHRISTINE T. McCRARY, and BRUCE N. CRONSTEIN 



Objective. Weekly low-dose methotrexate (MTX) 
remains the mainstay of second-line therapy for rheu- 
matoid arthritis (RA). We have previously reported that 
adenosine, acting at specific receptors on inflammatory 
cells, mediates the antiinflammatory effects of MTX in 
both in vitro and in vivo models of acute inflammation, 
but the mechanism by which MTX suppresses the 
chronic inflammation of arthritis remains controver- 
sial. The present study was undertaken to further 
investigate the means by which adenosine mediates the 
antiinflammatory effects of MTX. 

Methods. The effects of 2 nonselective adenosine 
receptor antagonists, theophylline and caffeine, were 
examined, using the rat adjuvant arthritis model of RA. 
These agents were given alone and in conjunction with 
MTX, and arthritis severity was assessed clinically, 
radiologically, and histologically. Since rodent adeno- 
sine A 3 receptors are not blocked by theophylline, 
selective A 1? A 2A , and A 2B receptor antagonists were 
tested as well. 
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Results. Control animals developed severe arthri- 
tis, which was markedly attenuated by weekly treatment 
with MTX (0.75 mg/kg/week). Neither theophylline 
alone nor caffeine alone (each at 10 mg/kg/day) signifi- 
cantly affected the severity of the arthritis, but both 
agents markedly reversed the effect of MTX as mea- 
sured by a severity index, hindpaw swelling, and hind- 
paw ankylosis. Radiographic and histologic analyses 
confirmed these observations. Neither A l9 A 2A , nor A 2B 
receptor antagonists affected the capacity of MTX to 
ameliorate inflammation in adjuvant arthritis. 

Conclusion. These results provide strong evidence 
that adenosine mediates the antiinflammatory effects of 
MTX in this model of RA. Moreover, the findings 
suggest that abstinence from caffeine, a ubiquitous food 
additive and medication, may enhance the therapeutic 
effects of MTX in RA. 

Low-dose, intermittently administered metho- 
trexate (MTX) is among the most widely used forms of 
therapy for inflammatory arthritis (particularly rheuma- 
toid arthritis [RA]), psoriasis, and inflammatory bowel 
disease. MTX was introduced for the treatment of 
inflammatory diseases, with very little understanding of 
its mechanism of action. We, and subsequently others, 
have reported that the antiinflammatory actions of MTX 
are mediated by its capacity to increase extracellular 
adenosine concentrations (1-4). However, the studies 
reported to date have demonstrated that adenosine is 
responsible for the antiinflammatory actions of MTX 
only in acute inflammation; the mechanism of action of 
MTX in the treatment of chronic inflammation has not 
been fully explored. 
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It has been known since the work of Sattin and 
Rail (5) that adenosine modulates cellular behavior by 
interacting with specific receptors on the cell surface. It 
was subsequently recognized, using pharmacologic 
methods, that there were 2 distinct adenosine receptor 
subtypes, (6,7) and, more recently, cloning techniques 
have revealed the existence of at least 4 subtypes (A 1? 
A 2A , A 2B , and A 3 ) (for review, see ref. 8). Most of the 
known antagonists at adenosine receptors are methyl- 
xanthines, as documented in receptor binding and other 
pharmacologic experiments (9,10), and it is now gener- 
ally accepted that the pharmacologic effects of theoph- 
ylline and caffeine, 2 methylxanthines that are com- 
monly encountered in medications and in foods and 
beverages, are mediated by antagonism of adenosine at 
its receptors (11). Pharmacologic studies with the mu- 
rine air pouch model of acute inflammatory disease 
demonstrate that MTX-mediated increases in exudate 
adenosine inhibit inflammation via interaction with an 
A 2 (probably A 2A ) receptor. Other pharmacologic stud- 
ies have indicated that adenosine may also act at A t or 
A 3 receptors to inhibit inflammation (12-16). 

To better understand the mechanism of action of 
MTX in the treatment of RA, we investigated whether 
the nonselective adenosine receptor antagonists theo- 
phylline (an agent that nonselectively blocks A 1? A 2A , 
and A 2B , but not A 3 , adenosine receptors in the rat [17]) 
and caffeine (which blocks all receptors [9,10]), or more 
selective adenosine receptor antagonists reverse the 
antiinflammatory actions of MTX in the adjuvant arthri- 
tis model. We found that MTX inhibited the develop- 
ment of adjuvant arthritis and that blockade of A 1? A 2A , 
and A 2B receptors, but not the individual receptors 
alone, reversed the antiinflammatory effects of MTX. 

MATERIALS AND METHODS 

Materials. Heat-killed Mycobacterium butyricum was 
purchased from Difco (Detroit, MI), and Freund's complete 
adjuvant (CFA) was mixed as a 1% (weight/volume) suspen- 
sion of the heat-killed bacteria in heavy mineral oil (Sigma, St. 
Louis, MO). MTX was purchased from Immunex (San Juan, 
PR), and methylprednisolone was purchased from Upjohn 
(Kalamazoo, MI). Theophylline, enprofylline, and caffeine 
were obtained from Sigma. l,3-dipropyl-8-cyclopentylxanthine 
(DPCPX) was obtained from Research Biochemicals (Way- 
land, MA), and ZM241385 was from Tocris-Cookson (Ballwin, 
MO). All other reagents used were the highest quality that 
could be obtained. 

Animals. Female 8-12-week-old Lewis rats (Charles 
River, Wilmington, MA) weighing 130-190 gm were studied. 
The rats were housed in the New York University (NYU) 



animal facility, fed regular rat chow, and given access to 
drinking water ad libitum. 

Induction of adjuvant arthritis. Arthritis was induced 
on day 0, by injection of 0.1 ml of CFA into the base of the tail. 
Synovitis developed 7-10 days postimmunization in 100% of 
the rats that did not receive any other treatment (18-20). 

Treatment regimens. Animals were treated with a 
single weekly intraperitoneal injection of MTX (0.75 mg/kg/ 
week in 1 ml of phosphate buffered saline) or a similar volume 
of saline, starting on the day of the injection of CFA (day 0) 
and continuing for the full 4 weeks of the experiment. Aden- 
osine receptor antagonists were mixed into the drinking water 
of groups of animals to achieve a dosage of 10 mg/kg/day 
(adjusted daily to account for the weight and water intake of 
the animals); this dosage was higher than those previously 
reported to achieve effective levels in rats (21-24). All of these 
treatments were reviewed and approved by the Institutional 
Animal Care and Use Committee of NYU Medical Center and 
carried out under the supervision of the facility veteri- 
nary staff. 

In each experiment, groups of 4-6 animals were 
treated as described, and each drug or combination was tested 
on at least 2 separate occasions. The control and MTX-treated 
groups were pooled from all of the experiments performed and 
consisted of 30 rats and 20 rats, respectively. 

Arthritis assessments. The progress of arthritis was 
monitored by determining the ankle joint width, global arthri- 
tis severity index for swelling and erythema in 60 joints (scored 
on a scale of 0-3, with 0 representing no change and 3 
representing most severe changes; maximum score of 180), and 
percentage of animals developing ankle joint ankylosis (as- 
sessed by the ability to extend/flex the joint). All measurements 
were performed on day 0 and biweekly for the duration of 
the study. Body weight was measured on day 0 and then 
weekly (18-20). 

At the end of day 28, the rats were killed by Co 2 
administration and, in some experiments, total-body radio- 
graphs were obtained (anteroposterior and lateral views), 
using a General Electric portable x-ray machine with a 
3-second exposure (60-cm film-to-source distance). Radio- 
graphic scoring (18-20) was done based on the degree of soft 
tissue swelling, extent of bone erosion/destruction, bone min- 
eralization, and joint space narrowing at both ankle joints. 
Radiographs were scored on a scale of 0-3 (0 = normal, 3 = 
maximum joint destruction) for each limb, by an observer who 
was blinded to the treatment group. The radiographic joint 
index score was then determined; this score represents the 
mean of the scores for both hind limbs from each rat, with a 
maximum possible score of 3 per rat. 

Histopathologic analysis. Immediately after radiogra- 
phy, the hind limbs were removed just distal to the knee and 
placed in 10% buffered formalin. The fixed tissues were then 
decalcified and slides of sagittal slices through the hindpaw, 
stained with hematoxylin and eosin, were prepared using 
standard techniques. Slides were reviewed for soft tissue 
swelling, bone demineralization, pannus formation, cartilage 
erosions, and joint space narrowing. 

Statistical analysis. The data were analyzed by analysis 
of variance, followed by analysis of differences between groups 
using Tukey's highest significant difference test performed 
with SigmaStat software (SPSS, Chicago, IL). All values are 
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reported as the mean ± SEM with the exception of ankylosis, 
which is reported as a simple percentage of the number 
of ankles. 

RESULTS 

Arthritis developed between 7 days and 10 days 
after injection and, similar to the findings in prior 
studies, disease in the control animals was characterized 
by increasing activity until day 20 and persistent joint 
inflammation through at least day 28 (at which time the 
experiment was terminated). The animals that were not 
injected with CFA did not develop arthritis (Figure 1). 
MTX treatment markedly attenuated the arthritis (P < 
0.00001) (Figure 1A). Treatment with theophylline 
alone, a methylxanthine that blocks A 1? A 2A , and A 2B , 
but not A 3 , adenosine receptors (17), appeared to 
diminish the activity of the arthritis at the early time 
points, although this difference did not reach statistical 
significance. More interestingly, theophylline markedly 
reversed the effect of MTX (P < 0.003) (Figure 1A). 
Injection of depot methylprednisolone completely abro- 
gated the development of arthritis, and theophylline did 
not reverse the effect of methylprednisolone treatment 
(mean ± SEM severity index 0 ± 0 in rats treated with 
either methylprednisolone or methylprednisolone + 
theophylline, on any day of measurement). 

As a separate indicator of arthritis activity, we 
measured hindpaw width. Injection of CFA caused a 
marked increase in the width of the hindpaw (Figures IB 
and 2). Again, MTX significantly attenuated the hind- 
paw swelling in the CFA-treated rats (P < 0.0001). 
Theophylline did not diminish the increase in hindpaw 
width in these animals, but it partially reversed the 
antiinflammatory effect of MTX on CFA-induced hind- 
paw swelling, although this difference did not reach 
statistical significance. The greater severity of arthritis in 
the theophylline + MTX-treated rats, described above, 
appeared more marked than the difference in hindpaw 
swelling because it reflects, in addition to hindpaw 
swelling, involvement of a greater number of joints with 
more pain and ankylosis. 

Ankylosis of the ankle joints was also assessed as 
an indicator of joint inflammation and destruction. 
Ankylosis was observed by the end of the study period in 
94% of the ankles of the animals treated with either 
CFA alone or CFA + theophylline (Figure 1C). MTX 
diminished the percentage of animals that developed 
ankylosis, to 25%. The antiinflammatory effect of MTX 
was almost completely reversed by theophylline (63% of 
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Figure 1. Effects of theophylline and caffeine on methotrexate 
(MTX) inhibition of the development of adjuvant arthritis. Rats were 
injected with Freund's complete adjuvant on day 0 and then, starting 
on day 0, were given either a weekly intraperitoneal injection of MTX 
(0.75 mg/kg/week) or an equal volume of saline. Severity index (A), 
hindpaw width (B), and ankylosis (C) were assessed twice weekly, as 
described in Materials and Methods. Treatment groups were as 
follows: 30 control rats, 20 MTX-treated rats, 8 theophylline- treated 
rats, 9 theophylline + MTX-treated rats, 12 caffeine- treated rats, and 
12 caffeine + MTX-treated rats. In A and B, values are the mean ± 
SEM; in C, values are the mean. P values are versus the MTX-treated 
group. NS = not significant. 



ADENOSINE RECEPTORS AND MTX 



659 





Figure 2. Effects of theophylline on methotrexate (MTX) inhibition 
of the development of adjuvant arthritis. Rats were injected with 
Freund's complete adjuvant (CFA) on day 0 and then, starting on day 
0, were given either a weekly intraperitoneal injection of MTX (0.75 
mg/kg/week) or an equal volume of saline. Shown are the hindpaws of 
representative rats from each group, photographed on day 21. A, Rat 
treated with CFA alone. B, Rat treated with CFA + theophylline (10 
mg/kg/day). C, Rat treated with CFA + MTX. D, Rat treated with 
CFA + MTX + theophylline. 



the animals treated with MTX alone developed joint 
ankylosis). 

Analysis of joint radiographs at the termination 
of the experiment revealed changes consistent with those 
observed by physical examination. Both in the animals 
treated with CFA alone and in those treated with 
CFA + theophylline, there was complete destruction of 
the ankle joints (Table 1 and Figure 3). MTX treatment 
markedly diminished joint destruction. Again, co- 
administration of theophylline with MTX reversed the 



Table 1. Effects of theophylline on methotrexate (MTX)-mediated 
reduction of radiologic joint damage in adjuvant arthritis* 





Radiographic 


index, 




mean ± SEM 






CFA + 




CFA 


theophylline 


No treatment 


3.0 ± 0.0 


2.7 ± 0.3 


MTX, 0.75 mg/kg/week 


0.3 ± 0.3t 


1.6 ± 0.3$ 



* Joint radiographs were obtained in 4 rats from each group and 
scored on a scale of 0-3 (0 = normal; 3 = complete destruction of the 
ankle joint), by an observer who was unaware of the treatment (see 
Materials and Methods). CFA = Freund's complete adjuvant. 
1 P < 0.01 versus no treatment. 
*P < 0.05 versus MTX alone. 



antiinflammatory effects of the latter compound (P < 
0.05) (Table 1). 

Histologic analysis (Figure 4) confirmed the clin- 
ical and radiologic findings. There was infiltration with 
inflammatory cells and almost complete loss of the 
normal joint architecture in the CFA-treated animals, 
and theophylline did not alter the histologic findings 
indicating joint destruction. MTX treatment preserved 
much of the joint architecture but theophylline com- 
pletely reversed the effect of MTX, as reflected by the 
histologic changes. 

To confirm that the effects of theophylline on 
MTX-mediated inhibition of inflammation were caused 
by adenosine receptor blockade in this model, we inves- 
tigated whether another nonselective methylxanthine 
adenosine receptor antagonist, caffeine, also reversed 
the antiinflammatory effects of MTX. Like theophylline, 
caffeine alone did not significantly affect the onset or 
severity of arthritis in the rats (Figure 1A). Also like 
theophylline, caffeine reversed the antiinflammatory 




Figure 3. Effects of theophylline on MTX prevention of radiologic 
joint destruction in adjuvant arthritis. Rats were injected with CFA on 
day 0 and then, starting on day 0, were given either a weekly 
intraperitoneal injection of MTX (0.75 mg/kg/week) or an equal 
volume of saline. Shown are representative radiographs obtained after 
the rats were killed on day 28. A, Rat treated with CFA alone. B, Rat 
treated with CFA + theophylline (10 mg/kg/day). C, Rat treated with 
CFA + MTX. D, Rat treated with CFA + MTX + theophylline. See 
Figure 2 for definitions. 
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effects of MTX, whether measured as severity (P < 
0.001), hindpaw width (P < 0.001), ankylosis, or radio- 
logic changes (P < 0.007) (Figures 1A-C and Table 2). 
In contrast to either theophylline or caffeine, methylx- 
anthines given in doses that have been administered to 
animals to selectively antagonize A t (DPCPX), A 2A 
(ZM241385), or A 2B (enprofylline [25]) receptors did 
not affect the capacity of MTX to diminish inflammation 
in this model (data not shown). Combinations of the 
more selective antagonists were toxic to the animals 
(causing cachexia, weight loss, and hair loss), and their 
effect on inflammation could not be evaluated. 

During these experiments the animals continued 
to gain weight until they developed severe arthritis, at 
which point they began to lose weight, although none of 
the animals lost more than 20% of their pretreatment 
weight. Treatment with individual agents did not appear 
to have a direct effect on the rate of weight gain (26). 

DISCUSSION 

To date, the mechanism of action of MTX in the 
treatment of inflammatory arthritis has not been fully 
established (for review, see ref. 27). We report here that 
theophylline and caffeine, 2 chemically related, nonse- 
lective adenosine receptor antagonists, reverse the anti- 
inflammatory effects of MTX in the adjuvant arthritis 
model of RA. This is the first direct demonstration in an 



Table 2. Effects of caffeine on methotrexate (MTX)-mediated re- 
duction of radiologic joint damage in adjuvant arthritis* 
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Figure 4. Effects of theophylline on MTX prevention of histologic 
features of joint destruction in adjuvant arthritis. Rats were injected 
with CFA on day 0 and then, starting on day 0, were given either a 
weekly intraperitoneal injection of MTX (0.75 mg/kg/week) or an 
equal volume of saline. Shown are representative histologic sections 
obtained after the rats were killed on day 28. A, Rat treated with CFA 
alone. B, Rat treated with CFA + theophylline (10 mg/kg/day). C, Rat 
treated with CFA + MTX. D, Rat treated with CFA + MTX + 
theophylline. See Figure 2 for definitions. 





Radiographic index, 




mean ± SEM 




CFA CFA + caffeine 


No treatment 


2.4 ± 0.2 2.0 ± 0.5 


MTX, 0.75 mg/kg/week 


0.7±0.2 t 2.1 ±0.3* 



* Joint radiographs were obtained in 4 rats from each group and 
scored on a scale of 0-3 (0 = normal; 3 = normal to complete 
destruction of the ankle joint), by an observer who was unaware of the 
treatment (see Materials and Methods). CFA = Freund's complete 
adjuvant. 

*P < 0.001 versus no treatment. 
% P < 0.007 versus MTX alone. 



in vivo model that adenosine mediates the antiinflam- 
matory effects of MTX in chronic inflammatory arthri- 
tis. The results of the experiments reported here are 
consistent with the prior demonstration that adenosine 
mediates the antiinflammatory effects of MTX in acute 
inflammation both in vitro and in vivo (1-3). In contrast 
to prior reports, however, the present results indicate 
that adenosine must ligate multiple receptors in order to 
suppress chronic inflammation. 

Humans have ingested caffeine in tea, coffee, and 
chocolate since time immemorial, and theophylline has 
been used therapeutically for nearly half a century, 
although its mechanism of action remains in dispute. 
Currently, theophylline and caffeine are thought to exert 
their pharmacologic effects primarily by acting as aden- 
osine receptor antagonists (11) or by inhibiting cellular 
phosphodiesterases (28,29). 

Phosphodiesterase inhibition is thought to ac- 
count for the effects of theophylline in the treatment of 
asthma, despite the fact that concentrations required to 
inhibit phosphodiesterase are much greater than those 
achieved therapeutically. Theophylline and other meth- 
ylxanthine and non-methylxanthine phosphodiesterase 
inhibitors raise intracellular cAMP concentrations. In- 
tracellular cAMP in elevated levels suppresses inflam- 
matory cell function and inflammation (28,29), and it 
has been suggested that this underlies the antiinflamma- 
tory effects of theophylline (30-32). Indeed, the use of 
phosphodiesterase inhibitors (including non- 
methylxanthine phosphodiesterase inhibitors) has been 
advocated for the treatment of asthma (28), and phos- 
phodiesterase inhibitors suppress the inflammation of 
adjuvant arthritis (33) as well. Neither theophylline nor 
caffeine prevented or augmented the development of 
adjuvant arthritis in rats that were not exposed to MTX. 
Moreover, the selective adenosine A 2B receptor antag- 
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onist enprofylline, which is also a methylxanthine and is 
a more potent inhibitor of phosphodiesterase than is 
theophylline (34), neither diminished arthritis alone nor 
affected the capacity of MTX to diminish inflammation 
in this model. Thus, it is unlikely that phosphodiesterase 
inhibition accounts for the capacity of theophylline and 
caffeine to alter the effect of MTX observed in the 
model of inflammatory arthritis reported here. 

Unlike more recently developed methylxanthine 
derivatives, theophylline and caffeine are nonselective 
adenosine receptor antagonists (10). We found that 
neither theophylline nor caffeine alone significantly al- 
tered the course of adjuvant arthritis in MTX-treated 
rats, an observation that suggests that endogenous aden- 
osine levels in the inflamed joints are insufficient to 
diminish inflammation in this model. None of the agents 
interfered with the capacity of methylprednisolone to 
suppress the development of adjuvant arthritis, indicat- 
ing that the reversal of the antiinflammatory effects of 
MTX by theophylline and caffeine is specific and limited 
to MTX. In light of the previous demonstration that 
adenosine mediates the antiinflammatory effects of 
MTX in acute inflammation (2,3), the results reported 
here are most consistent with the hypothesis that the 
dominant pharmacologic effect of theophylline and caf- 
feine in this model of RA results from adenosine 
receptor antagonism. 

The antiinflammatory effects, as well as other 
physiologic and pharmacologic effects, of adenosine are 
clearly mediated via adenosine receptors, and all 4 
adenosine receptors appear to act, when occupied, as 
antiinflammatory receptors. We and others have dem- 
onstrated that the inhibitory adenosine receptors on 
neutrophils, the inflammatory cells involved in acute 
inflammation, are A 2 (most likely A 2A ) receptors (for 
review, see ref. 35). This finding has been confirmed by 
our subsequent demonstration that an adenosine A 2 
receptor antagonist reverses the antiinflammatory ef- 
fects of MTX, and by inference adenosine, in the murine 
air pouch model of inflammation (2). Adenosine A x 
receptor agonists have been reported to be the most 
potent antiinflammatory adenosine receptor agonists in 
other in vivo models of acute inflammation (12,36), 
although this finding may be accounted for by the effects 
of adenosine, via A l receptors, on the central nervous 
system (15). 

MTX treatment has been shown to inhibit ex- 
pression of collagenase by synoviocytes in biopsy speci- 
mens from patients with RA, and this specific inhibition 
of collagenase expression is most likely mediated by 
adenosine A 2B receptors (37,38). Several groups have 



reported that adenosine A 3 receptors, when occupied, 
diminish synthesis and release of cytokines, such as 
tumor necrosis factor a, that are thought to play a 
central role in the pathogenesis of RA (13-16,39). 
Because A 3 receptors in rodents are insensitive to 
theophylline (17), our results are most consistent with 
the surprising finding that blockade of A 3 adenosine 
receptors does not contribute to the antiinflammatory 
effects of MTX in this model of arthritis. 

The biochemical mechanism by which MTX pro- 
motes adenosine release is not fully established. MTX is 
taken up by cells and polyglutamated; the polygluta- 
mates of MTX remain metabolically active (40,41). It 
was originally suggested that MTX polyglutamates po- 
tently inhibit an intermediate enzyme in de novo purine 
biosynthesis, i.e., phosphoribosylaminoimidazole- 
carboxamide (AICAR) transformylase (42,43), leading 
to intracellular accumulation of AICAR. Even the low 
doses of MTX used to treat inflammation in the mouse 
promote accumulation of AICAR in tissues (2), and 
recent studies confirm that long-term administration of 
MTX to rats with adjuvant arthritis promotes the accu- 
mulation of AICAR and its metabolites (44). Moreover, 
excretion of AICAR metabolites is increased in patients 
taking low-dose MTX for the treatment of psoriasis (45). 
The intracellular accumulation of AICAR has been 
associated with enhanced adenosine release (46), most 
likely as a result of AICAR-mediated inhibition of AMP 
deaminase (with extracellular accumulation of AMP). 
Indeed, the excess adenosine found in the supernates of 
MTX-treated cells or in the inflammatory exudates of 
MTX-treated mice is derived entirely from extracellular 
adenine nucleotides by the action of ecto-5'- 
nucleotidase, and the antiinflammatory effects of MTX 
in the murine air pouch model are completely blocked 
by ecto-5' -nucleotidase inhibitors (47). Alternatively, 
AICA-ribonucleoside inhibits adenosine deaminase, and 
this may also lead to adenosine accumulation (43,48- 
51). Whatever the mechanism, blood and urine adeno- 
sine concentrations are increased in patients who are 
taking MTX (45,52). 

Although MTX is probably the most commonly 
used second-line agent for the treatment of RA, not all 
patients derive benefit from this drug, and treatment 
response is often less than complete (53). Caffeine is 
present in high concentrations in coffee, tea, chocolate, 
and soft drinks and as an ingredient of over-the-counter 
pain medications. The observation that caffeine com- 
pletely reverses the antiinflammatory effects of MTX in 
this model of inflammatory arthritis suggests that avoid- 
ance of caffeine ingestion may enhance the efficacy of 
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MTX in the treatment of inflammatory diseases. How- 
ever, before it can be recommended that patients taking 
MTX for the treatment of inflammatory arthritis avoid 
caffeine in their diets, further studies in humans should 
be undertaken. 

The efficacy of low-dose MTX in the treatment 
of asthma is controversial (54-57). Our results suggest 
one explanation for inconsistency in the results of clini- 
cal trials of MTX in the treatment of this disease. 
Theophylline has long been used in the treatment of 
asthma, and theophylline usage by patients in these trials 
may have reversed or prevented any beneficial effects of 
MTX, thereby confounding the study results. Future 
studies of MTX for the treatment of asthma should 
control for theophylline use. 

In conclusion, our findings further confirm the 
hypothesis that adenosine, generated endogenously, me- 
diates the antiinflammatory effects of MTX, one of the 
most commonly used second-line drugs in the treatment 
of RA. These results indicate that other agents that 
promote adenosine release at sites of inflammation 
might also be useful for the treatment of RA and other 
forms of inflammatory arthritis and also suggest that 
avoidance of caffeine may enhance the efficacy of MTX 
in the treatment of inflammatory arthritis. 
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Adenosine A 2A or A 3 Receptors Are Required for Inhibition of 
Inflammation by Methotrexate and Its Analog MX-68 



M. Carmen Montesinos, 1 Avani Desai, 1 Dave Delano, 1 Jiang-Fan Chen, 2 J. Stephen Fink, 2 

Marlene A. Jacobson, 3 and Bruce N. Cronstein 1 



Objective. Low-dose weekly methotrexate therapy 
remains a mainstay in the treatment of inflammatory 
arthritis. Results of previous studies demonstrated that 
adenosine, acting at one or more of its receptors, 
mediates the antiinflammatory effects of methotrexate 
in animal models of both acute and chronic inflamma- 
tion. We therefore sought to establish which receptor(s) 
is involved in the modulation of acute inflammation by 
methotrexate and its nonpolyglutamated analog MX-68 
(N- [ [4- [(2,4-diaminopteridin-6-yl)methyl] -3,4-dihydro- 
2/7-l,4-benzothiazin-7-yl] -carbonyl] -L-homoglutamic 
acid). 

Methods. We studied the effects of low-dose meth- 
otrexate (0.75 mg/kg intraperitoneally [IP] every week 
for 5 weeks), MX-68 (2 mg/kg IP 2 days and 1 hour 
before induction of inflammation), dexamethasone (1.5 
mg/kg IP 1 hour before induction of inflammation), or 
vehicle control on acute inflammation in an air-pouch 
model in A 2A and A 3 receptor knockout mice. 

Results. Low-dose weekly methotrexate treatment 
increased the adenosine concentration in the exudates 
of all mice studied and reduced leukocyte and tumor 
necrosis factor a accumulation in the exudates of wild- 
type mice, but not in those of A 2A or A 3 receptor 
knockout mice. Dexamethasone, an agent that sup- 
presses inflammation by a different mechanism, was 
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equally effective at suppressing leukocyte accumulation 
in A 2A knockout, A 3 knockout, and wild-type mice, 
indicating that the lack of response was specific for 
methotrexate and MX-68. 

Conclusion. These findings confirm that adeno- 
sine, acting at A 2A and A 3 receptors, is a potent regula- 
tor of inflammation. Moreover, these results provide 
strong evidence that adenosine, acting at either or both 
of these receptors, mediates the antiinflammatory ef- 
fects of methotrexate and its analog MX-68. 

Low-dose weekly methotrexate is the "gold stan- 
dard" of therapy in rheumatoid arthritis and other 
inflammatory diseases. Methotrexate's mechanism of 
action in the treatment of inflammatory diseases has 
been the subject of some controversy, although in pre- 
vious studies, investigators in our group have demon- 
strated that adenosine mediates the antiinflammatory 
effects of methotrexate treatment in models of acute and 
chronic inflammation (1,2). Adenosine, whether re- 
leased from injured cells or tissues or applied exog- 
enously, regulates inflammation via interaction with one 
or more of the 4 known receptors for adenosine (A 1? 
A 2A , A 2B , and A 3 ), as demonstrated by many in vitro and 
in vivo pharmacologic studies (for review, see ref. 3). 
The demonstration that adenosine mediates the antiin- 
flammatory effects of methotrexate in in vivo models of 
acute inflammation rests upon reversal of the antiin- 
flammatory effects of methotrexate, either by enzymatic 
hydrolysis of adenosine by adenosine deaminase or by 
administration of adenosine receptor antagonists to 
reverse the antiinflammatory effects of methotrexate 
treatment (1,2). Although the antiinflammatory effects 
of methotrexate are mediated by multiple adenosine 
receptors in the adjuvant arthritis model of inflamma- 
tion (2), the identity of the receptor(s) involved in the 
suppression of inflammation in models of acute inflam- 
mation has not been so well characterized. 
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MX-68 (A^-[[4-[(2,4-diaminopteridin-6-yl)methyl]- 
3,4-dihydro-2//-l,4-benzothiazin-7-yl]-carbonyl]-L- 
homoglutamic acid) is an analog of methotrexate chem- 
ically designed not to undergo intracellular polyglu- 
tamation (4). Like methotrexate, MX-68 has a high 
affinity for the enzyme dihydrofolate reductase and 
inhibits the proliferation of human peripheral blood 
mononuclear cells, endothelial cells, and synovial fibro- 
blasts in vitro (5). In vivo, MX-68 prevents collagen- 
induced arthritis in mice (5) and rats (6), adjuvant- 
induced arthritis in rats (4), and autoimmune nephritis 
in lupus mice (7,8). Furthermore, both MX-68 and 
methotrexate increased the release of adenosine from 
Daudi cells, an effect that is mediated by inhibition of 
5-aminoimidazole-4-carboxamide ribonucleotide 
(AICAR) transformylase, and inhibited the accumula- 
tion of leukocytes into the murine air pouch after 
carrageenan injection, an effect that was abolished by 
injection of the adenosine A 2 receptor antagonist 3,7- 
dimethyl-l-propargylxanthine (9). 

We investigated the pharmacologic mechanism 
by which methotrexate and its analog MX-68 diminish 
inflammation in the murine air-pouch model of acute 
inflammation. We report here that although both meth- 
otrexate and MX-68 suppress leukocyte and tumor 
necrosis factor a (TNFa) accumulation in the air-pouch 
model of acute inflammation in wild-type mice, neither 
suppresses inflammation in the air pouches of A 2A or A 3 
receptor-deficient mice. 

MATERIALS AND METHODS 

Materials. Thioglycollate medium and carrageenan 
(type I) were obtained from Sigma (St. Louis, MO). Metho- 
trexate was purchased from Immunex (San Juan, PR). MX-68 
was a gift of Chugai Pharmaceutical (Tokyo, Japan). All other 
materials were of the highest quality that could be obtained. 

Animal subjects. Mice with a targeted disruption of the 
gene for either the A 2A or A 3 adenosine receptors have been 
described in detail elsewhere (10,11). The mice used in these 
experiments were derived from 4 original heterozygous breed- 
ing pairs for each mouse. Mice described as wild type were 
specific for the related receptor knockout mice. Mice were 
housed in the New York University (NYU) animal facility, fed 
regular mouse chow, and given access to drinking water ad 
libitum. The experiments reported here were performed on 
male mice. All procedures described below were reviewed and 
approved by the Institutional Animal Care and Use Commit- 
tee of NYU Medical Center and carried out under the 
supervision of the facility veterinary staff. 

Polymerase chain reaction (PCR) confirmation of 
mouse genotype. DNA was extracted from the tips of mouse 
tails using a standard protocol. Briefly, tail tips were lysed in 
500 jml of lysis buffer (100 mM NaCl, 20 mM Tris HC1 [pH 8.0], 



10 mM EDTA, 0.5% sodium dodecyl sulfate, 400 jag/ml 
proteinase K) overnight at 55°C. A saturated solution of NaCl 
(300 /xl) was added to the lysed tips, and after 10 minutes on 
ice, tubes were centrifuged (16,000g at 4°C for 10 minutes). 
Genomic DNA present in the supernatant was precipitated by 
addition of 800 /xl of isopropanol. Precipitates were washed 
once with 70% ethanol, vacuum dried, and resuspended in 30 
fA of Tris-EDTA buffer. 

The genomic DNA was then subjected to PCR using 
the following primers: 5 ' -AGCCAGGGGTTACATCTGTG-3 ' 
(upstream) and 5 ' -T ACAGAC AGCCTCGACATGTG-3 ' 
(downstream), which detect a 163 -bp band for the wild -type 
A 2A allele; 5 ' - AGACAATCGGCTGCTCTGAT-3 ' (upstream) 
and 5 ' -CAAGCTCTTCAGCAATATCACG-3 ' (downstream), 
which detect a 618-bp band for the mutated A 2A allele; 
5 ' - ACTTCTGGGCAGAAGTCTGACAAGA-3 ' (upstream) 
and 5 ' -TTCGTCAACCCTGTT ACCTGACTGT-3 ' (down- 
stream), which detect a 570-bp band for the wild- type A 3 allele; 
and 5 '-ACTTCTGGGCAGAAGTCTGACAAGA-3' (up- 
stream) and 5 ' - AGATCTATAGATCTCTCGTGGGATC-3 ' 
(downstream), which detect a 260-bp band for the mutated A 3 
allele. To perform the PCR, 0.3 fjcg of genomic DNA was used 
in 30 /xl of final reaction. The PCR was performed in a 
GeneAmp PCR System 2400 Thermal Cycler (Perkin-Elmer, 
Branchburg, NJ) under the following conditions: 95°C for 2 
minutes, followed by 40 cycles of 94°C for 1 minute, 55°C for 20 
seconds, and 72°C for 1 minute, followed by a final extension of 
72°C for 10 minutes. 

Induction of air pouches and carrageenan -induced 
inflammation. To induce air pouches, 10-15-week-old male 
mice were injected subcutaneous ly on the back with 3 ml of air. 
After 2 days, the pouches were reinflated with 1.5 ml of air. On 
day 6, inflammation was induced by injection of 1 ml of a 
suspension of carrageenan (2% weight/volume in calcium- and 
magnesium-free phosphate buffered saline solution [PBS]) 
into the air pouch, as investigators in our group have previously 
described (1). After 4 hours, the mice were killed by C0 2 
narcosis, the pouches were flushed with 2 ml of PBS, and 
exudates were harvested. Aliquots were diluted 1:1 with meth- 
ylene blue (0.01% w/v in PBS), and cells were counted in a 
standard hemocytometer chamber (American Optical, Buffalo, 
NY). 

Treatment with methotrexate, MX-68, dexamethasone, 
or vehicle. Animals were given weekly intraperitoneal (IP) 
injections of either methotrexate (0.75 mg/kg) or vehicle (0.9% 
saline) for 5 weeks, and experiments were carried out within 3 
days of the last dose of methotrexate. MX-68 (2 mg/kg) was 
administered by IP injection 2 days and 1 hour prior to 
induction of inflammation in the air pouch, and dexametha- 
sone (1.5 mg/kg) was administered IP 1 hour prior to induction 
of inflammation. 

Quantitation of adenosine in inflammatory exudates. 
Aliquots of inflammatory exudates were added to an equal 
volume of 10% (w/v) trichloroacetic acid and kept on ice, 
followed by extraction of the organic phase with freon/ 
trioctylamine (31/9). The aqueous phase was applied to a C-18 
Sep-Pak cartridge (Waters, Milford, MA) and eluted off with 
methanol. After evaporation of the methanol, the samples 
were reconstituted in water, and the adenosine concentration 
was determined by reverse-phase high-performance liquid 
chromatography, as previously described (1). Samples were 
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applied to a /xBondapack C-18 column (Waters, Milford, MA) 
and eluted with a linear 0-40% gradient of 0.01M ammonium 
phosphate (pH 5.5) and methanol formed over 70 minutes with 
a flow rate of 1.5 ml/minute. Adenosine was identified by 
retention time and by the characteristic ultraviolet absorption 
spectrum, and the concentration was calculated by comparison 
with standards, as previously described (1). 

Quantitation of TNFa in air pouch exudates. After 
centrifugation (l,000g for 10 minutes), the cell-free exudates 
were collected. All exudates were kept frozen at -80°C until 
analyzed. The TNFo: concentration was quantitated in the 
exudates in duplicate by enzyme -linked immunosorbent assay 
(R&D Systems, Minneapolis, MN) following the manufactur- 
er's instructions. 

Statistical analysis. Overall differences among groups 
were analyzed by one-way analysis of variance. When overall 
analysis demonstrated the presence of significant differences 
among all of the different groups studied, the differences 
between specific groups were tested using a post-hoc analysis, 
Tukey's test. All statistical analyses were performed using 
SigmaStat software (SPSS, Chicago, IL). 

RESULTS 

Investigators in our group have previously dem- 
onstrated that adenosine, acting at A 2 receptors, medi- 
ates the antiinflammatory effects of methotrexate in a 
murine model of acute inflammation (1). Adenosine A 3 
receptors have also been shown to mediate profound 
suppression of the inflammatory response (3). To fur- 
ther evaluate the role of adenosine and to better identify 
the adenosine receptor involved in methotrexate- 
mediated suppression of inflammation, we determined 
whether methotrexate inhibits leukocyte accumulation 
in the air-pouch model of acute inflammation in wild- 
type, adenosine A 2A receptor knockout, and adenosine 
A 3 receptor knockout mice. 

In our initial experiments, we studied the inflam- 
matory response in the A 2A and A 3 receptor knockout 
mice, and as we have previously reported (12), there 
were significantly fewer leukocytes in the air pouches of 
A 2A knockout mice than in the air pouches of their 
wild- type littermate controls (Table 1). The diminished 
accumulation of leukocytes in the air pouch exudates of 
A 2A knockout mice most likely results from the dimin- 
ished number of blood vessels that form in the walls of 
the air pouches of the A 2A knockout mice (12). Inter- 
estingly, the adenosine concentration in the air pouch 
exudates of A 2A knockout mice was also significantly 
lower than that found in the wild-type controls (Table 
2), possibly also a result of the diminished number of 
cells present. Both MX-68 and methotrexate increased 
the exudate adenosine concentration in the air pouches 
of wild-type, A 2A knockout, and A 3 knockout mice, 



Table 1. Leukocyte accumulation in inflammatory exudates* 



Mouse group 


Air pouch exudate 
(Xl0 6 /ml) 


A 2A knockout (n = 13) 


2.02 ± 0.14f 


A 2A wild type (n = 17) 


2.73 ± 0.19 


A 3 knockout (n = 18) 


1.53 ± 0.09 


A 3 wild type (n = 19) 


1.93 ± 0.16 



* Values are the mean ± SEM. Inflammatory exudates were induced 
in the air pouches of male knockout and control mice, as described in 
Materials and Methods. After 4 hours, the exudates were collected and 
the leukocytes were quantitated. The wild-type control mice were 
derived from the same heterozygous breeding pairs and matched for 
age. 

f P< 0.001 versus A 2A wild-type mice, by one-way analysis of variance 
(Tukey's test). 

although the increase in adenosine concentration in the 
air pouches did not achieve statistical significance for the 
exudates of the MX-68-treated A 2A knockout mice 
(Table 2). 

As previously reported by investigators in our 
group and others (1,9), methotrexate and its analog 
MX-68 diminish air pouch leukocyte accumulation in 
response to carrageenan via enhanced adenosine re- 
lease. Both agents reduced leukocyte accumulation in 



Table 2. Adenosine concentration in air pouch exudates* 







Mouse groupf 








Treatment 


Wild-type 


knockout knockout 


Control 


76 ±8 


37 ± 4t 63 ± 8 


Methotrexate, 0.75 mg/kg 


170 ± 28§ 


123 ± 2311 129 ± 24# 


MX-68, 2 mg/kg 


142 ± 28** 


71 ± 3 153 ± 28ft 



* Values are the mean ± SEM nM. Inflammatory exudates were 
induced in the air pouches of male knockout and control mice as 
described in Materials and Methods. After 4 hours, the exudates were 
collected and the adenosine was quantitated. Data for wild-type mice 
are a combination of those from both mouse strains. See Materials and 
Methods for dosing schedules. 

f Of wild-type mice, 37 received saline control, 10 received methotrex- 
ate, and 9 received MX-68, an analog of methotrexate. Of A 2A 
knockout mice, 19 received saline control, 11 received methotrexate, 
and 7 received MX-68. Of A 3 knockout mice, 22 received saline 
control, 12 received methotrexate, and 7 received MX-68. 
$P < 0.004 versus wild-type control mice, by one-way analysis of 
variance (ANOVA) (Tukey's test). 

§P < 0.001 versus wild-type control mice, by one-way ANOVA 
(Tukey's test). 

HP < 0.001 versus A 2A knockout control mice, by one-way ANOVA 
(Tukey's test). 

#P < 0.01 versus A 3 knockout control mice, by one-way ANOVA 
(Tukey's test). 

**P < 0.02 versus wild-type control mice, by one-way ANOVA 
(Tukey's test). 

ft P < 0.004 versus A 3 knockout control mice, by one-way ANOVA 
(Tukey's test). 
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the air pouches of wild-type mice (Figure 1), but neither 
agent inhibited inflammation in the air pouches of 
adenosine A 2A receptor-deficient mice. Surprisingly, 



Wild-Type Mice 



Table 3. Tumor necrosis factor a (TNFa) concentration in air pouch 
exudates* 




CTRL 
n=17 



A2A Receptor Knockout 




A3 Receptor Knockout 




Dexa 
n=7 



Figure 1. Effect of methotrexate (MTX), MX-68 (an analog of 
MTX), and dexamethasone (Dexa) treatment on leukocyte accumula- 
tion in air pouch exudates of A 2A and A 3 receptor knockout mice and 
wild-type controls. Male wild-type (A), A 2A receptor knockout (B), 
and A 3 receptor knockout (C) mice were treated with weekly injections 
of MTX (0.75 mg/kg) or saline control (CTRL) for 5 weeks prior to 
induction of inflammation, or they were treated with intraperitoneal 
injections of MX-68 (2 mg/kg) 2 days and 1 hour before induction of 
inflammation or with Dexa (1.5 mg/kg) or saline 1 hour before 
induction of inflammation. Inflammatory exudates were collected as 
described in Materials and Methods. Values are the mean and SEM. 
* = P < 0.001 and ** = P < 0.05 versus saline-treated mice, by 
one-way analysis of variance (Tukey's test). 







Mouse groupt 




Treatment 


Wild-type 


knockout 


A 3 
knockout 


Control 

Methotrexate, 0.75 mg/kg 
MX-68, 2 mg/kg 


377 ± 44 
170 ± 27§ 
162 ± 2911 


582 ± 81$ 
261 ± 51 
464 ± 108 


255 ± 44 
140 ± 22 
238 ± 63 



* Values are the mean ± SEM pg/ml. Inflammatory exudates were 
induced in the air pouches of male knockout and control mice as 
described in Materials and Methods. After 4 hours, the exudates were 
collected and the TNFa was quantitated. Data for wild-type mice are 
a combination of those from both mouse strains. See Materials and 
Methods for dosing schedules. 

t Of wild-type mice, 31 received saline control, 18 received methotrex- 
ate, and 10 received MX-68, an analog of methotrexate. Of A 2A 
knockout mice, 19 received saline control, 6 received methotrexate, 
and 10 received MX-68. Of A 3 knockout mice, 18 received saline 
control, 6 received methotrexate, and 12 received MX-68. 
%P < 0.03 versus wild-type control mice, by one-way analysis of 
variance (AN OVA) (Tukey's test). 

§P < 0.002 versus wild-type control mice, by one-way ANOVA 
(Tukey's test). 

IF P < 0.009 versus wild-type control mice, by one-way ANOVA 
(Tukey's test). 



neither methotrexate nor MX-68 significantly sup- 
pressed leukocyte accumulation in the air pouches of A 3 
receptor knockout mice (Figure 1). Dexamethasone was 
equally effective at suppressing inflammation in the air 
pouches of wild-type, adenosine A 2A knockout, and 
adenosine A 3 knockout mice (Figure 1). Under the 
conditions studied, there was no difference in the type of 
white cells that accumulated in the air pouches of either 
treated or untreated wild-type or knockout mice (>90% 
polymorphonuclear leukocytes). 

Similar to their effects on leukocyte accumula- 
tion, both methotrexate and MX-68 inhibited TNFa 
accumulation in the air pouches of wild-type animals 
(Table 3). Despite the diminished number of leukocytes 
in the inflammatory exudates of the A 2A knockout mice, 
there was a significantly higher concentration of TNFa 
in the air pouch exudates of these mice, most likely 
reflecting diminished endogenous suppression of inflam- 
mation by adenosine (13). In contrast, neither metho- 
trexate nor MX-68 inhibited TNFa accumulation in the 
air pouch exudates of the A 2A or A 3 knockout mice 
(Table 3). 

DISCUSSION 

Low-dose weekly methotrexate treatment re- 
mains the standard against which all other new agents 
are compared in the treatment of rheumatoid arthritis 
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and other forms of inflammatory arthritis. Many differ- 
ent mechanisms of action for methotrexate have been 
proposed based on both in vitro and in vivo observations. 
The therapeutic effects of methotrexate have been as- 
cribed to inhibition of lymphocyte proliferation or pro- 
motion of lymphocyte apoptosis (14-16) due to folate 
antagonism and diminished purine synthesis. However, 
the effect of methotrexate treatment on lymphocyte 
proliferation and apoptosis in patients is transient (<48 
hours) and is reversed by folic acid. In contrast, the anti- 
inflammatory effects of methotrexate are lasting and are 
not reversed by either folic acid or folinic acid (17-22). 

Previous research in animal models has demon- 
strated that low-dose methotrexate treatment promotes 
intracellular accumulation of AICAR, an intermediate 
in purine synthesis, and that accumulation of AICAR is 
associated with increased adenosine release into inflam- 
matory exudates (1,23); adenosine mediates the antiin- 
flammatory effects of methotrexate treatment in animal 
models of both acute inflammation and adjuvant arthri- 
tis (1,2,24). In contrast, using adenosine receptor antag- 
onists, Andersson and colleagues (25) did not confirm a 
role for adenosine in the antiinflammatory action of 
high-dose methotrexate (2-4 mg/kg/week; compared 
with 0.75 mg/kg/week in the present studies and in those 
reported in refs. 1 and 23, and compared with —0.3 
mg/kg/week in clinical practice) in the antigen-induced 
arthritis model in rats. Both the high doses of metho- 
trexate and the uncertain pharmacology of the antago- 
nists used could account for this difference, although it is 
also possible that different mechanisms of inhibition are 
involved in the suppression of this acute localized form 
of arthritis compared with adjuvant arthritis, a systemic 
form of arthritis. 

Although the results of studies in animals do not 
always correlate with mechanisms of action in humans, 
previous studies have demonstrated that methotrexate 
treatment stimulates an even greater increase in adeno- 
sine release from cultured human fibroblasts and endo- 
thelial cells than that observed in the inflammatory 
exudates studied here (23). More important, oral low- 
dose methotrexate treatment leads to a marked increase 
in adenosine release from whole blood of patients and a 
significant increase of adenosine excretion into their 
urine (26,27). In contrast to the results reported in 
animals and in humans with rheumatoid arthritis and 
psoriasis, observations by Egan and coworkers (28) do 
not support the effect of methotrexate on adenosine 
release from inflamed bowel. In that study, however, 
patients were given a single subcutaneous dose of 
methotrexate and immediately underwent sigmoidos- 



copy. This experimental design permits neither redistri- 
bution of the drug to the intracellular compartment in 
affected tissues nor accumulation of intracellular 
AICAR required for enhanced adenosine release, a 
phenomenon which requires at least 48 hours in in vitro 
experiments (23) and weeks in animals treated with 
methotrexate (1). 

Finally, ingestion of coffee, which contains the 
adenosine receptor antagonist caffeine, is associated 
with poor response to methotrexate therapy by patients 
with rheumatoid arthritis (29). Thus, the observations 
reported here and previously provide very strong evi- 
dence that adenosine mediates the antiinflammatory 
effects of low-dose weekly methotrexate therapy in a 
murine model of acute inflammation, and they support 
the hypothesis that adenosine mediates the antiinflam- 
matory effects in patients as well. 

Adenosine modulates cellular and organ function 
via occupancy of specific cell surface receptors, of which 
there are 4 known subtypes (A l5 A 2A , A 2B , and A 3 ). All 
are members of the large family of 7-transmembrane- 
spanning, heterotrimeric G protein-associated receptors 
(for review, see ref. 30). All 4 adenosine receptors 
regulate inflammation (for review, see ref. 31), although 
the A 2A receptor is considered to be the most important 
endogenous regulator of acute inflammation (13). In 
murine macrophages, A 2A , A 2B , and A 3 receptors have 
all been reported to diminish inflammatory cytokine 
secretion by macrophages (32-37), although in human 
macrophages, the A 2A receptor appears to be the dom- 
inant regulator of cytokine secretion (38,39). The differ- 
ences in adenosine receptor predominance observed in 
these studies may have resulted from the different 
sources of macrophages studied (bone marrow, peri- 
pheral blood, peritoneum) or from altered adenosine re- 
ceptor expression in monocyte/macrophages after release 
from the bone marrow (40) or following stimulation with 
various cytokines. 

The results of the studies reported here demon- 
strate that in mice lacking either A 2A or A 3 receptors, 
methotrexate and MX- 68 are not antiinflammatory, a 
finding consistent with the known antiinflammatory role 
of A 2A and A 3 receptors in acute inflammation (3,41). In 
studies of the air-pouch model of inflammation, investi- 
gators in our group had previously reported that A 2 
receptors were primarily responsible for inhibition of 
inflammation (1), although the pharmacologic inhibitor 
used in that study apparently lacks specificity for A 3 
receptors. In other studies, we have found that multiple 
adenosine receptors are involved in the antiinflamma- 
tory effects of methotrexate in adjuvant arthritis in the 
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rat, since only nonselective adenosine receptor antago- 
nists (caffeine and theophylline), but not highly selective 
adenosine receptor antagonists, reversed the effects of 
methotrexate (2). 

Adenosine is generated as a result of ATP catab- 
olism, and is thus well suited for the role of metabolic 
regulator of such processes as coronary vasodilation in 
response to ischemia; adenosine concentrations increase 
from nanomolar to micromolar during ischemia as a 
result of ATP utilization (42-46). However, ischemia 
and increased work may not be the only stimuli for 
adenosine release. Other types of cellular injuries can 
lead to release into the extracellular space of adenosine 
or adenine nucleotides that can be converted extracel- 
lular ly to adenosine (24,47-49). Moreover, necrosis of 
cells may occur following mechanical or inflammatory 
injury leading to release of intracellular contents, and 
ATP is present intracellular^ in millimolar concentra- 
tions. Adenine nucleotides are also released into the 
extracellular space by ischemic or injured cells and 
tissues, where they are ultimately converted to adeno- 
sine by the action of ecto-5' -nucleotidase (24,47-49). 
Following sublethal injury, loss of as little as 5% of 
cellular ATP to adenosine may lead to 10-fold increases 
in extracellular adenosine (50,51). 

Pharmacologic agents may also increase extracel- 
lular adenosine; investigators in our group and others 
have found that treatment of animals with low-dose 
weekly methotrexate, sulfasalazine, salicylates, or aden- 
osine kinase inhibitors (including FK506) leads to in- 
creased adenosine concentrations and diminished leuko- 
cyte accumulation in inflammatory exudates (1,52-55). 
Similarly, adenosine uptake inhibitors may also possess 
antiinflammatory effects (56) by virtue of their capacity 
to increase extracellular adenosine concentrations. 

Both methotrexate and MX-68 increase exudate 
adenosine concentrations 2-4-fold in wild-type, A 2A 
knockout, and A 3 knockout mice. Interestingly, adeno- 
sine concentrations were significantly lower in untreated 
A 2A knockout mice than in wild-type mice, although the 
methotrexate-induced increment in adenosine concen- 
tration in the air pouches of the knockout mice was 
similar to that observed in wild-type controls. One 
explanation for the lower adenosine concentration in 
exudates from A 2A receptor-deficient mice is increased 
activity of cellular adenosine transporters. Krauss and 
colleagues (57) and Diamond and Gordon (58) have 
previously reported that occupancy of the adenosine 
A 2A receptor leads to cAMP -dependent inactivation of 
an adenosine transporter, resulting in further increases 
in extracellular adenosine. It is therefore likely that 



ambient adenosine levels in the exudates induce partial 
inactivation of the transporter in the wild-type mice, 
whereas the transporter is fully active in the A 2A 
receptor-deficient mice. Alternatively, fewer leukocytes 
were present in the inflammatory exudates of the A 2A 
knockout mice, and this could account for the dimin- 
ished adenosine concentration in the exudates. 

The physiologic and pharmacologic effects of 
adenosine, acting at one or another of its receptors, are 
observed in nearly every tissue and organ. The findings 
reported here confirm the antiinflammatory effects of 
adenosine acting at A 2A and A 3 receptors. Moreover, 
the results reported here provide strong evidence that 
adenosine mediates the antiinflammatory effects of 
methotrexate at doses relevant to those used to treat 
inflammatory arthritis. These results indicate that agents 
that interact with adenosine A 2A and/or A 3 receptors 
directly or promote adenosine release at sites of inflam- 
mation may be useful for the treatment of inflammatory 
conditions. 
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Methotrexate in 
rheumatoid arthritis 

Edwin SL Chan, Patricia Fernandez and Bruce N Cronstein 1 



After half a century of use, methotrexate continues to be a cornerstone in the therapy of 
rheumatoid arthritis. Renewed interest in the 1980s has brought new insights into the 
mechanisms of action and safety of the drug. The use of combination therapy in 
rheumatoid arthritis has not masked the value of methotrexate in a competitive market in 
any way. We review the pharmacodynamics and pharmacokinetics as applicable to its 
clinical use as an anti-inflammatory and disease-modifying agent here. 

Expert Rev. Clin. Immunol 3(1), 27-33 (2007) 



Introduction to the compound 

Over 50 years have passed since the introduc- 
tion of aminopterin (4-aminopteroyl-glutamic 
acid). Its success in achieving remission, albeit 
temporary, in children with acute lymphocytic 
leukemia heralded a new age in cancer chemo- 
therapy. Shortly thereafter, the substitution of a 
methyl group for hydrogen at the 10 position 
gave rise to methotrexate (MTX) and the reali- 
zation of its wide-ranging potential brought the 
application of this drug in the treatment of 
rheumatoid arthritis (RA) as early as 1951. To 
this day, it is still the gold standard of disease- 
modifying therapy in RA and, as such, it is the 
most widely prescribed disease modifying 
antirheumatic drug (DMARD) for this disease 
in both North America and Europe [l], as 
reflected in the guidelines for managing RA 
issued by the American College of Rheumatol- 
ogy (ACR) [2], as well as in Latin America [3] 
and possibly elsewhere. Its popularity has not 
been overshadowed by the introduction of other 
DMARDs or, more recently, biological agents 
and, indeed, it forms the anchor among many 
combination regimens. 

Chemistry 

MTX is an analog of folaLe synthesized origi- 
nally in the 1940s and designed to inhibit dihy- 
drofolate reductase selectively [4,5]. The IUPAC 
name for MTX is ( l S)-2-(4-(((2,4-diaminopteri- 
din-6-yl) methyl) methylamino) benzamido)pen- 
tanedioic acid. The enzyme dihydrofolate 



reductase catalyzes the conversion of dihydro- 
folate to tetrahydrofolaLe, which is an active 
cofactor involved in the de novo synthetic path- 
ways for purine and pyrimidine precursors of 
DNA and RNA required for cell proliferation. 
As shown in FIGURE i , the structure of MTX 
contains para- amino benzoic acid, glutamic acid 
and a fully oxidized pteridine ring that 
inactivates the molecule as a cofactor. 

MTX enters cells either as the parent com- 
pound or after conversion in the liver to its 
metabolite, 7 -hydroxy- MTX, via the reduced 
folate carrier [5,6]. Both compounds are con- 
verted intracellularly into a polyglutamate form 
by the enzyme folyl polyglutamate synthetase [5]. 

The polyglutamated form of MTX, which 
can have up to four new glutamic acid moie- 
ties, accumulates within cells and is retained 
for long periods [?]. The ability to inhibit the 
enzymes involved in the de novo purine and 
pyrimidine biosynthesis increases with the 
number of giutamate moieties [8]. Some of 
these actions are a result of the ability of MTX 
polyglutamates to inhibit the enzyme 
aminoimidazolecarboxamidoadenosineribonu- 
cleotide (AICAR) transformylase [9— 11], which 
converts AICAR into formyl-AICAR [12]. 

Pharmacodynamic & pharmacokinetic profile 

MTX is administered to RA patients either orally 
or parenterally. The usual dose given for the treat- 
ment of RA is in the region of 7.5-25 mg/week, 
although dosing is often dictated by tolerabUity. 
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Oral bioavailability for iow-dose MTX as used in RA is high. 
At doses of less than 15 mg/m 2 , mean oral bioavailability is in 
the range of 60-70%, although wide variability exists among 
individuals. The uptake of MTX from the gastrointestinal tract 
is mediated by saturable transporters, principally reduced folate 
carrier (RFC)-l [13]. A saturation effect exists at the higher 
doses as given to patients with malignancies and absorption is 
reduced but such high doses are never used in the treatment of 
RA [14 16]. Food consumption is not a major influence of MTX 
absorption at these low doses [17], although, in children, it has 
been suggested that oral bioavailability of MTX is highest when 
taken on an empty stomach [18|. 

Despite the long-acting nature of MTX as an anti-inflam- 
matory agent in RA, MTX, as well as its metabolite 7- 
hydroxyMTX, are in fact short lived with a known serum 
half-life of less than 8 h for MTX and less than 12 h for 7- 
hydroxyMTX; MTX becomes undetectable in the serum 
after 24-52 h [5,19]. The resultant polyglutamates of MTX 
metabolism are the major active compounds responsible for 
the anti-inflammatory actions.. Not only do MTX polygluta- 
mate levels in erythrocytes serve as an indication of anti- 
inflammatory efficacy of the parent drug, tissue levels of the 
polyglutamates, which may remain detectable after a period 
of months, may sufficiently account for the long-lasting 
anti-inflammatory actions of MTX [19-21]. Elimination of 
MTX occurs mainly in the urine, although a small part is 
also excreted through the biliary tract. Nonsteroidal anti- 
inflammatory drugs (NSAIDs), used commonly in RA, may 
decrease glomerular filtration rate and, in theory, may 
reduce the rate at which MTX is eliminated, possibly result- 
ing in increased toxicity. This, however, is thought to be of 
consequence only rarely in practice, although caution 
should be exercised [22]. Furthermore, alterations in MTX 
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Figure 1. Chemical structure of methotrexate. 



metabolism may occur with polymorphisms of genes coding 
for enzymes important in folate metabolism, such as 
methylenetetrahydrofolate reductase [23,241. 

Clinical efficacy 

The extensive experience of MTX has established this as a gold 
standard in the therapy of RA. Taken in once weekly doses in a 
wide range of 7.5-25 mg/week, it may be divided into three 
divided doses given 12 h apart or, more frequently, taken as a 
single dose all at once. Since a linear dose-response relation- 
ship has been found for many outcome variables, favoring a 
higher dose (10 mg/m 2 ) [251, it is recommended that the start- 
ing dose should be no lower than 10 mg/week, except in cases 
of low creatinine clearance [26-28]. While the oral route is by far 
the most common method of administration, it can also be 
given intramuscularly or subcutaneously, especially in cases of 
intolerance to oral administration. Its popularity took over 
30 years to surface since its introduction in the early 1950s. 
While early reports in the 1980s re-established a place for 
MTX in RA, a number of randomized controlled trials in the 
mid-1980s brought wide acceptance for what is now an anchor 
drug in the treatment of RA. In a double-blinded crossover 
trial, Weinblatt and colleagues were able to demonstrate clini- 
cal improvement, including functional progress in 15 min- 
walking time and grip strength over a treatment period of 
24 weeks [29]. These clinical benefits were echoed in a prospec- 
tive, controlled, double-blind rriulticenter trial involving 
189 patients [30]. The beneficial effects persisted during long- 
term therapy over 132 months [31]. Kremer and colleagues also 
demonstrated its safety and efficacy in a prospective study 
involving 29 patients with an average treatment duration of 
29 months. Despite the small size of the population studied, 
there was clear evidence of radiographic regression of erosive 
disease as well as a reduction in prednisone requirement [32]. 
The protection against radiographic progression, however, has 
not been observed consistently and, indeed, has been ques- 
tioned when MTX was compared with other DMARDs in this 
respect in a meta-analysis and benefit was only demonstrable 
against azathioprine [33]. Later studies reaffirmed the role of 
MTX as a radiological disease modifier, although the benefit 
may not be as great as was once thought [34]. 

More recently, with the growing interest in the newer genera- 
tion of biological agents in the treatment of RA, it probably came 
as no surprise that MTX had to face new comparisons. While 
clinical improvement achieved with monotherapy with etaner- 
cept after 2 years may be greater than therapy with MTX, as 
determined by the ACR 20% criteria [35], differences were mod- 
est (72% for etanercept vs 59% for MTX) [36]. MTX, however, 
was clearly inferior to etanercept in protection against radiologi- 
cal deterioration, as has been confirmed in other studies. The 
same can be said of infliximab, which, when combined with 
MTX, resulted in better clinical response and quality of life. The 
combination of infliximab and MTX was well tolerated and was 
effective in suppressing radiological evidence of damage [37]. 
MTX has also been combined with rituximab in patients who 
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lacked a response to MTX alone. ACR 20, 50 and 70 responses 
were sustained at 48 weeks in patients treated with rituximab and 
MTX [38]. Similarly, concomitant MTX therapy was maintained 
in a study addressing the benefits of abatacept in RA 130|. The 
fully human monoclonal tumor necrosis factor (TNF)-a anti- 
body, adalimumab, has also been used successfully in concert 
with M TX in RA patients with active disease despite treatment 
with MTX alone [40] . Clinical efficacy and safety of this regimen 
has been sustained over 4 years of evaluation [41|. 

In some sectors, a trend towards the early use of multiple 
agents for the treatment of RA has emerged over the last 10 years. 
O'Dell and colleagues first advocated the use of the combination 
of MTX, sulfasalazine and hydroxychloroquine in patients with 
poor responses to a single DMARD. After 2 years, patients on 
the 3 -drug combination therapy had better clinical responses 
than MTX alone or a combination of sulfasalazine, and hydroxy- 
chloroquine, while the 3-drug combination did not result in 
more treatment withdrawals owing to drug toxicities [42]. These 
findings have been confirmed by others [43]. Boers and colleagues 
have used this approach in the aggressive early treatment of RA 
with high-dose prednisolone, MTX and sulfasalazine. While 
both MTX and prednisolone (starting dose 60 mg/day) were 
tapered then stopped in this step-down' regimen, the use of com- 
bination therapy was associated with a faster response to therapy, 
as indicated by a weighted change score of five disease activity 
measures (tender joint count, independent assessment on visual 
analog scale, grip strength, ESR and McMaster Toronto arthritis 
questionnaire). Radiological disease progression, as measured by 
the Sharp/Van der Heijde radiographic damage score, was also 
reduced by the use of combination therapy [44], 

Safety & tolerability 

In the mid 1980s, Krerner and colleagues demonstrated the 
efficacy of MTX in a small study [32]. The same study, how- 
ever, raised concern over the frequency (90%) of toxicities 
associated with drug treatment and the regularity of elevation 
of transaminases (70%); all this despite a relatively low mean 
dose (12.4 mg/week) compared with what is used frequently 
today. Although the rate of toxicity was somewhat higher than 
observed in other studies, it was a concern that was neverthe- 
less shared by others. Williams and colleagues, in a multicenter 
trial, found that withdrawal from MTX occurred in a third of 
those treated and, indeed, toxic effects are the main reasons for 
discontinuation of MTX therapy [30,45 47]. With evolving clin- 
ical practice, it is now clear that the long-term use of MTX 
rates among the safest of all antirheumatic treatments and ele- 
vation of transaminases leads to discontinuation of its use only 
rarely [l]. In fact, drug survival before discontinuation is higher 
for MTX than any of the other DMARDs used commonly for 
RA [48]. 

Gastrointestinal & hepatic toxicity 

Nonspecific gastrointestinal side effects, including nausea, 
vomiting, dyspepsia, anorexia, stomatitis, aphthous ulcers and 
diarrhea, are very common (up to 40% [49]) and may often 



resolve on their own or respond to folic acid or dose reduction. 
In some cases of gastrointestinal intolerance, parenteral 
administration may alleviate symptoms. 

The possibly most serious of side effects occur in the liver. 
The incidence of hepatotoxicity varies greatly and, while it was 
once believed to be extremely high, based on study populations 
of psoriatic patients treated with MTX [50], it would appear 
that the incidence is much lower in RA patients. There are 
many possible explanations for this, including higher doses 
used in psoriatic patients and effects of the disease itself. Walker 
and colleagues reported a 5-year cumulative incidence of seri- 
ous hepatic side effects (cirrhosis or liver failure) of approxi- 
mately 1 in 1000 patients, making this a very uncommon toxic 
effect encountered in the rheumatoid patient population. They 
further identified independent variables as predictors of serious 
liver toxicity, namely late age at commencing MTX and a long 
duration of therapy [51]. Based on the Roenigk histopathologi- 
cal grading system (I: mild steatosis, II: moderate steatosis, Ilia: 
mild fibrosis, 111b: severe fibrosis, IV: cirrhosis), which was 
devised originally by dermatologists and used on psoriatic 
patients and which has since been criticized in some hepatology 
quarters for a lack of sensitivity [52,53], it has been suggested that 
serum aminotransferase levels are useful markers for predicting 
hepatic histology outcome, with abnormal prebiopsy mean 
ASTs linked strongly to abnormal biopsy grades [54]. Neverthe- 
less, serum transaminase measurements are far from foolproof. 
Based on the accumulated information and taking into account 
the values as well as the dangers of interventions, such as sur- 
veillance through liver biopsies, the ACR has issued a set of 
guidelines for monitoring hepatic toxicity [55,56]. 

We have shown previously that release of the endogenous 
anti- inflammatory autocoid, adenosine, occurs in the liver dur- 
ing MTX therapy. The released adenosine is associated with 
both induction of collagen production as well as suppression of 
metalloproteinase synthesis, both of which contribute to the 
hepatic fibrosing effects of MTX in vivo [57], The adenosine- 
mediated induction of collagen production in the liver is simi 
lar to that found in skin [58]. It is worth noting that ethanol also 
stimulates the release of adenosine by hepatocytes [57], which 
may provide a feasible mechanism for the induction of hepatic 
fibrosis by ethanol as well as the increased likelihood of devel- 
opment of cirrhosis in MTX-treated patients following ethanol 
consumption. In this respect, it is also worth noting that caf- 
feine, a naturally occurring antagonist for adenosine receptors, 
is known to protect against the development of hepatic cirrho- 
sis while, at the same time, it may interfere with the anti- 
inflammatory efficacy of MTX if consumed in large amounts 
(in excess of 180 mg/day) [59,60], although at least one study has 
suggested otherwise [61]. Other mechanisms of anti-inflamma- 
tory action have been proposed, including dihydrofolate 
reductase inhibition, reduced formation of the polyamines 
spermine and spermidine and alteration of the redox state in 
the cell. Other known risk factors for predisposition to MTX- 
induced hepatic injury include hepatitis B and C, diabetes, 
obesity and deficiency of oc-1 antitrypsin. 



www.future-tlrugs.curn 



29 



Chan, Fernandez & Cronstein 



Pulmonary involvement 

The possibility of a diagnosis of MTX-associated pulmonary 
disease is often overlooked since the relatively nonspecific 
symptoms of cough, mild shortness of breath, fever or tachyp- 
nea are all too often ignored. The appearance on a chest radio- 
graph of an interstitial infiltrate serves as an alert to the poten- 
tial occurrence of a pneumonitis, which could indeed be fatal. 
Unlike MTX-induced hepatic fibrosis, the risk for which 
increases with cumulative dose, these pulmonary manifesta- 
tions may occur very early on in the course of therapy, follow- 
ing only a few doses of MTX [62,63], suggesting that they are 
indeed the result of hypersensitivity phenomena. It is impor- 
tant to rule out infections and negative cultures are one of the 
three major criteria proposed for the diagnosis of MTX- 
induced lung injury [64,65]. The occurrence of opportunistic 
infections remains a real threat and a microbiological diagnosis 
may require the aid of bronchoalveolar lavage or a closed or 
open lung biopsy. Alarcon and colleagues identified previous 
use of DMARDs (especially sulfasalazine, gold, and D-peni- 
cillamine), hypoalbuminemia, old age, diabetes, smoking (par 
ticularly in men more than in women) and rheumatoid pieuro- 
pulmonary disease to be important predisposing factors for 
MTX-induced lung toxicity [651 . Treatment is empirical and 
may involve the use of high-dose corticosteroids and supportive 
therapy, including ventilatory support in severe cases, while dis- 
continuation of MTX is essential. It is worth noting that, recur- 
rences may be fatal and occur in up to 50% of patients [62]. On 
the basis of this, it is recommended that MTX should not be 
re instituted following the occurrence of this complication, 
although successful re-treatments have been documented in the 
literature [66], 

In a Cochrane systematic review of double-blinded rand- 
omized placebo-controlled clinical trials, mucosal and gas- 
trointestinal side effects of MTX were found to be reduced by 
co-administration of folic acid (5 mg/week) without altering 
activity [67,68] . Protection against the development of MTX- 
related side effects with folinic acid (5 mg/week or less) was 
not found to be statistically significant. Furthermore, these 
protective effects did not differ between either high or low 



dose folic acid or folinic acid [69} . The efficacy of MTX may, 
however, be reduced by folinic acid and the timing of folinic 
acid administration in relation to the MTX dose may be 
important in determining this effect [70.71) and it has been sug- 
gested that folic acid may also reduce the clinical efficacy of 
MTX [72). 

Cytopenias of any one or combination of hematopoietic cell 
lines may occur during MTX therapy (<7% annually, even for 
MTX doses >15 mg/week [49]) and may be particularly serious 
in cases of existing renal failure. These are often mild and 
respond to dose reduction or folic acid supplementation. The 
possibility of coexistence of other folate deficiency states should 
be borne in mind. In severe cases, treatment with folinic acid 
(leucovorin) or respective colony-stimulating factors (e.g., 
granulocyte colony-stimulating factor) may be considered. 

The possibility of an increase in the incidence of solid tumors 
has always been a concern with MTX treatment. However, evi- 
dence in support of this theory has not been consistent, partic- 
ularly since RA is known to be associated with an increased 
incidence of lymphoma in any case [73,74]. In the light of reports 
of the regression of some of these tumors following discontinu- 
ation of MTX therapy, a direct causal relationship may well be 
justified [75-78). However, the risks are extremely small and 
should not deter the clinician from the benefits of long-tested 
and efficacious drugs. 

Conclusion 

MTX remains the cornerstone of therapy for RA. The agent is 
nearly as effective in the therapy of RA as biologicals alone and 
the combination of MTX plus a biological agent is superior to 
biologicals or MTX alone. Because of its tolerability and effi- 
cacy, it is likely that MTX will remain in the therapeutic 
armamentarium for RA for years to come. 

Expert commentary & five-year view 

MTX is one of the most effective disease-modifying agents 
around for the treatment of RA. Over its long history, it has estab 
lished itself as a gold standard in RA therapy. The many years of 
experience have also established a favorable toxicity profile, with 



Key issues 



Methotrexate (MTX) is the most widely prescribed disease-modifying antirheumatic drug (DMARD) for rheumatoid arthritis (RA), 
despite the emergence of biologies. 

Poiyglutamates are the major active compounds responsiole for the anti- inflammatory actions of MTX. 

The release of adenosine constitutes one of the major mechanisms by which MTX exerts its anti- inflammatory effects and may 
account for the development of some of the treatment-related adverse effects, such as hepatic fibrosis. 

The oral route is the most common method of administration and the usual dose is in the region of 7.5-25 mg/week, although 
preferences vary and dosing is often dictated by tolerability, It may be taken as a single dose or in two or three divided doses. 

Overall differences in clinical efficacy are modest when MTX is compared with new biological agents or to other DMARD agents, 
although concomitant therapy improves clinical response. 

Caffeine consumption may reduce the anti -inflammatory efficacy of MTX in RA patients. 
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many of the previous anxieties and fears regarding malignant 
potential and hepatic toxicity now allayed in clinical practice. The 
emergence of newer biological agents has posed no threat to its 
existence; on the contrary, the fact that there is an improved clini- 
cal response when many of these biological agents are used in con- 
cert with MTX only strengthens its place in a competitive market. 
In fact, infliximab and rituximab are approved currently for use in 



RA only in combination with MTX. In addition, financial con- 
siderations important to treatment strategies in many parts of the 
world are in favor of MTX against the prohibitive costs of many 
of the newer biological agents. The arrival of other novel thera- 
peutic modalities is unlikely to displace the safe stronghold MTX 
has in the market for RA, not only in the next 5 years but for 
many more years to come. 
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Abstract: .AStssisssas. is- a ssstfesS: pkysE&loek E&e3iater that is lefcased by seSk ^kmiag s^sii strafes 33 frypsrcis aatf «x- 
pns£HS» to rsactrce vxyzv®. specie* (&OS).. fcitic&sg to aae 01 Estate ef Jfessi kssfWK seo^tora., A$ A§a 5 said. A\ {sS 
inesskeis s£ &e fajatiiy of G psatesc: s:o*i£tM recepraars),, adesasjaa ssgsprassas in&SEHnsSisa asad isHsaaaoi&gk rsrcSsan^ 
Hes* we zanies the sapiessiffa &n*S nnKtksiaS. effect of tee r&cagpSGrc as safiannsiaFSQiy raSs asi& disasss t&e p^EeniM 
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W-&r^s: AdesKssssse., adenosiES rscept&xsu PI psainflsepfcssik ssetShotFS&ate., woisnd iieaimg, inilaT>>maftffa. 



introduction 

Twf bffwm atOTTi^ Lnnnnne response to savading paino- 
geus and: ibe lesohySisii isf ttee xesgrasass ^sbjiijs^tijag in 
vsrerand kealirig are ossnaal lEsaaaeostatic responses ts injury. 
Receni sSsajdies d-emGJSsstr.3*e SnaS; aa'es^sissjff and its. receptors 
fo&Jp to Imk l&tese- responses ^tio pjstmote &e smooth tosnd - 
non aente mffojmnatiGn to kea^aag. Tae efSscts. of 

adenosine jecep&u BgExaiits and aESagoaists sks. mflamina- 
tion,. the immune sespssase And vsound nea&iag wsli fe* re- 
viewed here with, attention to adenosine r&cej^sr-reljsSed M- 
TOfcpnrattst in in* -EEeaSnKsst s£ udSsBaiaaatoay : $s£&e'* i*ud 
wound i^afeg. 

GENERATION OF ENBG^ENOUS #£NO£M£ 

iSjfeaosKa.® 5i2ie scta^s of two msymsz., im^I«>sjsi€ tr^Jisss- 
plia^.x.^e^^ (CD39) aasxi ec6ss-5 r sF£££?eot^ii^5* 

(CP??)?^::!??!;; Adcsi^iiie is very skert-Uved. tin* ssartxacial- 

^jitii^ ^e i^feraed tc basal ievek ^iibia sseosxk {7J. Ex- 
^kre^lay afcto-^i^ Tiss&diates its j^y3i&I&gk said piisama.- 
coisjgk «Secfc. VFa ii3i«T.3S:lioiiL ^"i^ oiae or rarae of fom - 
knowa classes of sdeti^sKae sesrepto-F^ {P; p-iffisi^sgic recep- 

tein campled reo?^icrs (XjPCE). E^w^i of skese recs^fesRrs.,. ds?s- 
ignat&di A?, Aj*, A^j aaeJ A3 [II], is. capaok ragjsiafiBg 
iffiKmsai&sslGgk aitd iHflaHEeaaatoiry reacsiioas bo^i m wfire and 
iw vissat^ as fcctibad oaiow . 

siitraiK3j5iHf 'susSsgoaat tijssiors md ^sase skam3tica% de- 
T^fed adesssaiine Ifipsek 0333. yngp&ess mssssmsfiiSsek rerjjsnses 
to tamexs [12,. 13]. 
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Tae potential ^i^5^smsisiciy r e^cfe of adeE^sae 
twees &.s£ iepoi"tei3 owi 2S v*Jffs Ago, fesied £ys> 'it&- ex- 
psdssssESs. Afesossise was sk^wsi. to i^iiTcxt the cap3<s.ty of 

i&te&SBi s£ Besi^Tg-^l srsimle:- £o5;o>vnig sti^latiiijisi." 'wifib ike 
bsKAeEEisi cl»y^attr?^tisat ^"LF ^Sk^^s woi'J: 

d€33i^s3&5?*d ;^asi^ ess&iEeieSaLs -.odsscxsme was a&sps2£iib1& 
fey ^sil^ee^: a»^:^sv ^^ism uptake w.3s net r«qssk-ed for 
: :^e^asii&? iv< ; ! jakfl>^ ii-ge^sEsFdsn of reastsvs ssrt'gsa aoeciesi ife 
xft^x i^t i^itsl i9S5 t3aat th« *fiecfe »£ aden'oasse waie ^swa 
tet b# Siie^sjftod by mtarsshcsri 2 specific I'&ccptoi [15-19] 
S : ^ai^den^d ai iiaie: as im A? lecsjsSjQi". Chface at became 
<risai' that sdeaosijie resieptofSi ^>5^ »e ^ibd^ ! i^3d iato 
aiid A^j rec«ptiJ3is ii was shs^vn . iSs^t .-the sff^Js af 24e^a- 
siae on stsssalated asiriT'opihii prsibdssESiaa of ne active: oxygen 
aperies via iiiieraction witik sp^cifi?:: A,^ recspto^ Stsfid- 
ies of ike effects of asSsiaosiitte 011 o&sf iie^iropJjil fbiiiotk>ss 
vitec? yevealed Hut aePSSfRffa^ af a^iessQ^e A^ yscepiaia 
(AiA laceptois judging feom iiie pkm^^aci3l : ffgv , fflf^ie inters c- 
tboii) isshiaiied .siuznikdSed n^.Eros3ifel a^hfiskjsi ia vascalar 
eE<io&eiiai oelk and otaer sasfacss [21-26]. Moresby, m 
mhsh'sSmg zdh&skm and giss&xs&sm s>f j*2&.tsv& oxygen s^g- 
caea, aalessssme rs^eptor ssisx-sjicss. protects eaoo&eliai eeKs 
and s^fifir cslk Skqi mpssy hy sitit«ilated ueu^'spikik [21-23, 
21\ In gs&es e^eiijiffiats aden^iiDfi f actiag at its recep- 
tors, iabibiiis uieii^opM geQ^iatwa irf^riejs* B4> a y&tsi\t 
%sdi isSinasikK for jteafoopbik and cell types PSJ. 

Aoeji<3^ins js'ko ialiioiis stiui^aiejd y^enti^M ^i odusrtkta of 
TMF vas inferacSiGs wiin A^a r&cepfaars as weii [30^.. 

jdsils: is r&spcKas^Ie fey 1§s* hvilk <sf ike .adflassss-iaa rec^aptor- 
mediated effects ssa nentnopMi ^33seS3^sa ^sse ceJis express 
odiaa - ads^esikie receptors wliida ate capable of inadslat^g 
ma^iophil beksvisr.. nifeireitiasgly aden^aioe A$ leoep^s 
sn^ascs sm« newfiiop^al ^etiafssi iaclsi-^ing Bfiutrsjpikii 
ckeniotasi^ session to soxae andaees assd pnsgiosr^sis 
{said genaratbn of resctivfr s^-g«ii species) of asasmsmo- 



glcfenn-coated pallidas, vis ike Fc receptor [26, 31-33]. 
cite: studies adenosine A-$s reeepSiesrs iahsbdt sse^^g&il vas- 
cular endot&dial grsjwtk factor sea-elma said ibos Jisssii vas- 
cular leak (edesna fxtrEsaiion, P4f). 

Tbus, as vftre skidies of s&sssoLstai neunxjpkiiSi function 
&HasB£&a£e tkat adenosine suppresses most of t§se in£am- 
raat&ay ^jaic^kKSi of nentropnik via Aj& receptors; in eofttfrasS 
A^ ras&ptars soppasass vascular endosirenal grcw& factor 
(VEGF) Siinehon by ^sninJated neutrophils sssd A 4 and Agg 
receptors promote phagocytic fanctkss. and increase s3w rate 
■of elsmss-axis, fbuctsosss usnsSly associated raiiib mQ an snaa - 

ADEKQSDSE BECEPTOSS ON MACROPHAGES; 

Monocytes and macrop&agea esqpaess asfenosine Aj,. 
Ajg sad Aj receptors under variosss coadinons aMEunsjgk there 
appear io be some species-relsJLejd dii^eresstfes in tke expres- 
sion, and, ftmctmn of adenosine receptors [36-45]. As wiik 
js^kTiypkiis adesso&iise: A$&. Ajg assd, A$ receptor suppress 
inftami^toxy rsrc^Saons si ? monocytes and nsacrspnages. 
Speeifieally, adenosine, acting at d*ese receptors suppresses 
in^TOpkage procoagnlaiyi: prsadt^tbo^ TNFcs,, XL- 1 and IL-o* 
prodsssrfcloii. In addition., sdsssosine iahsbife s^peasflsij&e gen- 
erstkrei a&d iysj&sosnal ensyiMe seoaetion by stinsuiaied 
m^^yfe; ! 5it3C3fsp^g5s well [36 r 41,. 4&-4S]. More reseat 
studies bave desnonsu-ated, skat f in oon&a£t to s^presdion of 
VEGF pradssctioH by A^ yeeepters, ad&Oiaisiua stimulates 
VEGF and IL-I& production % snnndaied rrsacyapnage's via 
interaction wi& A 2A receptors [4£, SO]. By . sT^r^^gi; 
in^iopnage IL-12 production iws A 2A and i% recep%.s 
adenosine also skiSs a^apihw amsaiiu^a xefspomS^. as IL-ii2 
prcsfc&s i^maa^iae .yfiiajjGissa is a. T^I-^^Mpsms:^ £50, 51], 
OiSftr^ ike fssfgsusg ^^^^"afeiS s^g i^aporticaca * 

mrnmtmmEUM Mm adenosine receptors 

yemate aikd; ad^aptk-e iiKi£S£.«ne systems. Tliffse celU take isp 
antigens aiic§ psr^^ss tkessi zkA are ibe nisit pertsat antigen 
presffatsng eeib for adapts.^ immiisie Feapoaraes.. like usarly 
all csSker eeik ^kes*: srelis also cxpxeas. adjeaasisg: TscspSsrs 
wkiek cieaar^ iasKi«Jaie tkeir fsaictios. In on* sfe% aaenc-- 
sisffi receptoi; agos!"ssts ^msmisked migratksss. of d^aajkiti^: oedis 
i» asd is isms but did Taoi aiFeet oE§ssse dendiitiG ceil 
iii&efciffsss [52| k^&wm otbsr shsdies iBsdicate tkat adesaosuie 
Ai leesfpior ^gossssh iKerease ^sigraticai and ac!i as a e^gfm&- 
tadie stmiate for dsBsdriii^ s:g?ls [53 ; . 54] . Tke: adjefaa^isss: 
Aja i"ecepteM kas begs, skowrs legislate dendyiiis se^I syn- 
thesis ssF ciiemjakiiies and ^^knaes »ss«e;iated ^lik Tkl iccs- 
r€ap;sESfifs sack as I'HiFj JL-% 1L-12, as'Sgrfetrsn-K. 
CXCLIO sad CCLl l [53, 54]. Ike: egeeis *f*&e&o&ise m\ 
^andylik: rail f &mel£bGS3 caaa also fee rsg.^kted by gndsgejious 
adenssuie deaminase iviiick asSieii&s to CD26 ? A^ and Aj 
iecs^ica."s 33sd. by glisEiisaiing K^ioggEssna^ idesosiae ike? 
e&ll. :5Hifa£a, iacrea^ss pfi^>d53!^sfsi af ike Tal c:y!^ki:ue^ intsr- 
fer^-Y, aadM [5.5]. 



J^iMUNOLOCIC EFFECTS OE ADENOSINE RE- 
€EFTOSS 

Tke immwn^iiisdsilatory effects adessssise were fnst 
:5H2peeted ssvei - one sjuaiiei" century age ai^ei ike dens- 
oaastraiion iikat a. ^agnificsaat paoptsrbGis. o£ cisiMrea Se- 
vere Ciwnbiiysed. ii\imy3ic^f3.-!rienc5' (SCID) sie genetiealiy 
detljfient irs adeneiSHse deaminase (ADA) s^ltvity £.56^ an 
enzyaaie tbai eonn r ey!i.'5 adenosine 5es ^ssjssej a pusjlne niuclea- 
:dde whifk is n^t aetive at adebw^ne recap'fesi's., Isadine: to 
a^csnnTaUtion of adenosine and ^eoxysd-enQsnie [57 ? 5&]i 
A1ths?i^k many a£ tb.e ijmn^as»ppie-save etTect> of ADA 
sfe^ciency may iesia.lt &ism adenosine ace.«aiub;Sion is also 
Iske^ tkat lympJs^yie depienars oocms as a .raault of aoesa- 
nmktba of otfcei sssre t^sic m^afcslites p'des^ades^HS^ 
aiid 2 'deoKyadjssss&ine noeleotixSes}. Mosrfjeiess, 1§seae eaily 
sfestiks spaiirsd sn £Kt«^. m ike a^fec^ of sfetosinfi, adana- 
siae i^eptors aa^ adenssyne reseptor JS!3feSypas, wkiek kad 
oidy r«c«KTly been dasexabei. [59-61] ? sjs nissKSine i^spcffises. 

in Marone and co^leagsses first demossstrated %e 

ipresence and. festciion of an adeTsosissa receptor oas lyas^ko- 
o)"tes.. Tkeir initsal f issdrng, tkat adesosiis^ ie^|%?s # r ere 
paressQt lyn^iEra>cyies K was based 6& Jtwi^i^sH^ 
adeis^sisse: reo^siEed tss s&zxzailate a s^s^oiis? %d ^ cfear^teris- 
!sc rasre^se m eAMP tea^--^1saei^Hi^.^tiJ^«s rissiker yh^- 

•aa tke res^sla^on ^^^anpnoG^s ?iin<its£HS {SI}, F^Uoramg; 
^ram t^* tk<nmg .?^d' : i^Fe^^i^^. ©f adsssosxsss: issq^ 
,|^'S : : o^er reci^to^" pS] aad ike devekf£?ment cf seiec- 
tbys ag^i^^%^isgitK^sts for dt^aTaassistsng tfesse receptors 
p^jiTii^^^^e^alr^' 1 it kss became eiear that tbs psimsry re- 
£^toi iEVftfced; in regwktk^ of lynaplKKrySe fectisa. is tke 
A^^ receptsar. Muse resreni studies kai?e Nearly deassfiin^Med 
Ikai Ske receptors prsanari^ reipsassible for re:g.«isong lyssi- 
pnoeyte functEoai are A^ .reeeptssrs [S4]. More£5ver ? a3dao«s^ 
adenosine reoeptors may be pie-sent sm E cells tke primary 
siie of adenosine leceplor-nsedaialed msdnbiioH. of ^'mpka- 
■zyi&. fnafftMMi ts o^e T lyTEJE^k&cyte. 

Initial ^ffeidi&s jsf T cell Saasc^ifflB. democsfir.a.ted fct acfens- 
:SS3se 7 s.ciiag vass A^ : yecs^Siors: snppyesseid ^rEE^noc^e fuiiciian 
m-d fct a^aiisssaEte-madiatad s^sp^iBssism of T lyxE^Sxessyte 
Sjsncfiion wss defective: m patients ^steiniir L^ns 

£i ^tkemsio sus [57„ 65-;SS]„ Thm ^ac&sng; has gessssnally be-en 
2npp=53ited by m®x& recent atssiiea witk a deeper nnder^tand- 
ias: of ike meckaansnits 'by wMek ^enosine lecepio.ra snp- 
press T iymp&seySe nm^tEcn. As noted ajbove, adenosine A^ 
and A^; leoeptays suppress IL-12 pi^sdsjction by stiEsssilsie-d 
monocytas'^EEtBEFopbiages leading i>3 a Tkl type ssf m>mtt- 
n^Logic response [5$, 51]L Ad&ag prianadiy at A$& lecsplLors 
adenosine downEsg^nates. nisniiajiO'ksgic resgtsaises.by bods 
sssppressing paokferatkisa assd. snppsessissg &e pr^^onos of 

cytokines, rs^snred to Tssaintam a oroiifersiiye response 
[40, 69-76]. In ssSditsm, sdasKKsine A-j^ receptors s^ppiess 
ivmpbosr^te: prssdnctio'Ei. of interferori-Y fcjf ^insaiatgfii T lym- 
phocytes £??] rnitfosr snppiessing issaats inncessEne sespanses. 

In adiiioon is orchestfsiing the inisaimaiogk ie^£SH:=>e 
^Tiipnocytes asay aL^o play a direct role .ki yespaufcse fs infec- 
tssii^ and tmnors ass^ adenosine iias bees shsnsn to suppress 
tbe Aiss^tbn naftsrai killei T oeEs xzinspasHry of bo^k cou- 
vendoiissl ssd noti-ic^mrentto3!i^ J, adgssssine receptors [7S-S2] . 
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'HUMORAL IMMUNE RESPONSES AND ADENO- 
SINE RECEPTORS 

Tbe rsSe adenosHse aecepfors in regsibikws of B tail 
response* to irasmssoSo-gic stinrab kas. not been es&blished 
aidrough ftteae celk dearty do expiere sdeB&sine re raptors 
[S3]. N^atkeiess, aa'enosiae., acting at. its receptors on mast 
ceils., nray nrfatence B ceil faction issarestSy to snranSate 
prodnctkras &fi§E [84'j. 

ADENOSINE RECEPTOR INFLAMMATION AND 
TISSUE INJURY 

Based on anmer&ns is wfra studies, as described above, 
bath endogeassss adenosine xa& axogeaans asSan&siae or 
adenosis* leceptnr agonist's wossM be expected to dinisnish 
inflannnatoiy io^uxy, la most cases: adenosine (A^ in 
nwe recessS sgud&es) leseptnrs iizra bean sbown fo be rs- 
sc-onssMe Ssr tissue protects^, and sspj^essijon a£ m-flamma- 
tsat alihossgh At; receptor agonists are stnprisingiy aaaii- 
ktfkioiaakay rn -several models, 

!be earbest deia>:aisnnnons &ai adenosine recepSsar src- 
ct^aney conSd be rrsed to prefect tissue &m injsary wars 
carried ont in models nf i^esaia-reperrbsbn ahboBgh 
fransalant models aaad. sareteyaS sfcatrcKtion models save ako 
bees s&cKBed [25, 35-103], In massy of mesa models A 5 and 
A$ft leicaoioy agaoisfc ves administered to arrrmsis follow- 
ing Eeper&ssion or prks to imnry abnongfc in ctker models is 
■was skown insi. ieceninr kaockout or antagonists po'tea- 
tiated ii^annnatcrcy sspssy. iBieresuiigiy, A* adenosine re- 
ceptors may alse play a wh in suppressing, jre&sa^s&fffl 
[35, in several models, Altnongli mosfcigf ins an&- : : 

inflammatory effects, of adenosine Aj^ receptors:;:are rne^s- 
sted vmf relation of mibssQutaflry <>?Ei si v&to>*& m iii- 
Sisaed atte^f fee aa^^ljimmaaiy ^kt^ sdsii^^i* A 5 
i«ca^ioas apjMSiar to ^»xo, fcom sfenirai; iaai^s^s system affects 

ADE?ft£ISE-aA£E& A?fTI-I?5FLAMSlATOSY' 

tf^i'e ai& aiaay phyii^ogicsl 2nd piiarsaacsbgk d^ts 
cf adenosija* acting aS tkeae lecsfpiors if was iiNKsgM fci 
many yvkr& thai -&£ d£v<eispis&ent of selective a-d-esess.^ .re- 
cepioi ^ftK^sK fci - tiia iisfatmeiii o£ iisflassssssAtGr}' diseases 
might l&ad fei a varied of ima^cejsia^la side a^cis m pa- 
tiejife. EscEssi s-tis^as \ssss^ i-eie^trvs rec^prior 

agoiskis laave aaowa shatj ai appi^opnate deses^ adsssosise 
iffcepioa^ mi lewkosrytes csa be seleciiveiy feEgefe^ wi£irau£ 

.fn&daaas [93, iSl-liQ-3 ; 105, liS-123], Tki5 h s«r- 

piisisg asi ite appiiea^i^tj" i&SH&ara ffimww is be crisi- 
cally tested, paj^icsskrly fot isicre dssoak iaiicsiijisa. 

Early s^dies^ siiggesied that agaute tliaii iocraand Sacii 
ad^sosm* sio^e^tFatiissss at iisSaiEHai sites, sasgbfc ako "be 

a acate 333^. caTeoak mflammatsoii. 
i adsa&siBs 33se£at@ 5oi<ae if watt ail 
«£ fha aMi-mfliatfttttatoty c^k^ iisf ssselk>h-exate aKbd ssiliasa- 
k^ae, two- agsnfc c^mtii^aaly used ts treat Ebg^Kiaioid Av- 
ibiitis a&£ in^ajmitatory bowel disease., was eraffisistesri. jxi^k 
ibe -EEfisJi4y sad relative: safs^ esf $m approads. ^ las^ssssmg 
ken [124-123]. 



iissstte badusre adeaioe ^ckffKkfs relaase Srosa calk wid 
cosreeisssfl &f uucleatides to ade^ssste iskisns. pIjkh exlracel- 
klai§5 r [IliSj . Tka m^rJiaaa'fsaii by -spbifk &ese agents ajj^ear 
pRsmate adanme jsiscfeotide is liiideai but botk nslsslsit 
.^Eamoia^tdaz>^k-c3Ib^xamid^ teaasfDnaylase (AI- 

CAR traas£sfi:ttt5 r ls2e) !e3>iissg ks acoaaukiiion of AICAR. 
n5sde0S3d*s mtracelbiaTly and increased AICAR srscleeSsds 
ievets issisa£ellufei% f leads fc? s^^Gsiss rs^aase [124-126, 

OsSser ^Ecsebes! to iEKxeas^g eKSESseMaar adsf»c^ssae 
co^a^tjratians to ^aassass^sk mtlamaiatioii have also beeia 
tslraii. By cs3s\^l3ssg i»3ia£elMar adess^ke: AMP adeno- 
ssaa kiaase 15 a critical ragulaixa: ssf ex^csHttlar afao-ssae 
levels. SslecSive iwhihifare of adeii^ine iii»a'ie iaerease &x~ 
> cssaceitttafiisiis asi^ si^kcs s i 
I, HQ, I32-I3S].Irideed y ^ 
and cycisspoiiae al^so rnttst ad«tK>sisse kinase: and several 
stitdiesiia^ saggasied ^iat ibe jacrohm«s- and cj'dosporke- 
! iscreasas is i 



jaisiuuo si^pres^iva pxopesfciesi 



ft&st agents [139-141]. 



ADENOSINE AM) TOJM) HEAI « 

Inffa^ffiatbs. is a ^Mcakre^^^^o L^s^ :: inji5r>' ami 
T&sxms agsnts : :;Sa %e: s^vb-o^nseat;^i#^ :; to3S: aSSejsJisis. 
has baen fe,,c : i^^^lijig ii?S3^SB»#Sa sa &sss« conditions 
ch^ra^yiz^jjf by :;an \-;^^$ive oif psokssge^. m^bmm^oiy 
.t^s^sbs^ Mcst ni^ani^i^ry raadkma rssak^e sod itkssae is 
repasrsid and. m srme cssas, segeneratesi Tbns, wcuad seal 
nig by^iik^i-arsSb sdse .iairlannna^ry raspfifase fb^Qwed. by the 
ij&v^eEQi&Bi ©? otber cells 333^. tissues. Recant stndi&s Isxve 
^SamonsSratad ^st s>3an&33se assd its receptisrs ss& involved 333 
liia ^sotd liealHag process and ^ai t^ica] applscaSioa af 
adanosiaa seceptor agossista saa. prosnote wonsid kealiag 
[142-145], la ansKt of tha-se stiufe ad 
agQjaists kava beea le^ert-ed fees piomote "wunn^ beaisEg p42, 
144., 145} aiSscia^i in <sna study topical appbestiojs. of an 
i"acepfe>T ageaist axoja^rSad wsaad haabng [143]. It is inter- 
esting fe noi& 4kai ds.e: sSssdies c-£ A^ agonists selective 
iEEttagGnisis -or kiscckoui o£ &e raceptffr blodnad $s& 

&£ iie 'ts^ka! .A^. agsassts sss waamS bealrna; •ss'k&iejis in 
the one stu%~ o£ Aj raceplsr .agBsskts ingii eimcenliatijcns of 
tha A s agisaisit weie; used 20 iaat seiec&'sity ma,y ks^ne been 
kst and n$ cfim^amaiion wi4k receptor antagisaists ar knoc^- 
cnt mic e w ere peribiTQed. 



^ecep- 

tsns ia wonnd keaaxtg feel's ^ea:e increased matrix and blood 
^ssels (granfiliiti&n tissue) is tse agsaist-a-eated wosssis 
and, SHS^risissgly, in the receptor kaocfe&t snke abnor- 
mal exannlsnsa sissne jbrmainsss. w^ts noted k ine ^nnd bed 
[145]. Fmtber savestssrations of ine effect of adenosine A^ 
leeeptoTS on wssmd dealing slenronstrsted &at adenosine A^ 
raeeptoTS nrcmoted. &rnsaafia of new bisisd ^^seb in ta* 
I £143, 1461 



driSfrent medianism^. Adeaasine shmnlaties geaeratson of 
icsawn aneiafenk madiatos's snca. as vascular endonTeiia! 
pawik factsr (VEGF) hy eada&eiial cells and. nrsa^^baf es 
P4 3 49 ? 147-153] hy hst& A^ and A$ receptors. It is Sakeiy 
niat ike different recepfors repiarfed fo snnndate 'VEGF pro- 



A 




Fsg. (i ). Ades^sMe is. m eisdsgea^ sstfjha^siaijsiaa^- sastfistoyr. 

slid aiiguogeaesh are important m dsf&reat fusae* 
Skis is mot clear. T&a ss^aad mes^aBissa. by which 
A^ irecgp&ars. pfrcmiafe astgkigessssss ss hy ■s&hi&it- 
isag pradaie&cm oi aaft-as^ttg^ic factors *udh as: feom- 
ba^m<d&£ I [IM^ Fiaas^y, appik.sskia es£ agenesias A> A 

base aaaiT'OW-feii^ esitfo^iel^ jsracssrarc cdh fyojaa 
bkaxi tff the tes&aig Prasad [14<5]„ 

CONCLUSION 

AdjESi&ssrc and ^SESsine-feassd agpraadies s^ppr^s- 
sag is&aiHwSiaii can fojm th* feasts ibr dev€^^:>5sew: : 
anti-naflammatorv skssgs. Adiaircreisas is refeas^a at sites a£ 
ceikiar 35id feiae isqvxy and uuy sett At one sj£-' : $sai;a of 
raptors fo ssEpyress &s i^aissmaiBry &^ioas 6:gm«st 
types saswah^iEsi m hoik *SS*atfr 3i&d adapisre ^tss.^: >w in- 



l&S&Rr avessKS fm &e de- 

AdfisssssssESS: aad; sdsssEcsiEifi y€££$>tRi5 ni&diate Sxasibcsi 
ii^M&a [hn^^raa^sso. to iissue rsjsais. Teatiag; -of adessxmsi* 

siready m^veeS. mto She chois. Gtkesr thsrapessSie applieatisms 
of a^finshsms an*& it* r^^aptca-SipeciSi ag>3iai2.ts; may fea ia 
;prcfissfiyisng ass^io^eaesie si siftes of Sisssss aijsssy and repair. 
Msse spec^atfrse areas: for devektpaKertt of ssiKSffidis^-Ssa?*^ 
-ragjogieak 1 . therapies ia£«*c§£ tasaluieut of 2&ai^g55ZB£5&!*. 
iLa^idily groisiEtg timoieres rsqssKe aysgH5.«sssjesis a»d r&cejjtoys 

vkmi^ ssf taiOTS [12], asay be wseird tai^efrs isai asssi- 
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ABSTRACT Although commonly used to control a variety of 
inflammatory diseases, the mechanism of action of a low dose of 
methotrexate remains a mystery. Methotrexate accumulates in- 
tracellulaiiy where it may interfere with purine metabolism. 
Therefore, we determined whether a 48-hr pre treatment with 
methotrexate affected adenosine release from [ 14 C]adenine- 
labeled human fibroblasts and umbilical vein endothelial cells. 
Methotrexate significantly increased adenosine release by fibro- 
blasts from 4 ± 1% to 31 ± 6% of total purine released (EC50, 
1 nM) and by endothelial cells from 24 ± 4% to 42 ± 7%. 
Methotrexate-enhanced adenosine release from fibroblasts was 
further increased to 51 ± 4% (EC50, 6 nM) and from endothelial 
cells was increased to 58 ± 5% of total purine released by 
exposure to stimulated (fMet-Leu-Phe at 0.1 fiM) neutrophils. 
The effect of methotrexate on adenosine release was not due to 
cytotoxicity since cells treated with maximal concentrations of 
methotrexate took up [ 14 C]adenine and released ,4 C -labeled pu- 
rine (a measure of cell injury) in a manner identical to control 
cells. Methotrexate treatment of fibroblasts dramatically inhib- 
ited adherence to fibroblasts by both unstimulated neutrophils 
(IC50, 9 nM) and stimulated neutrophils (IC50, 13 nM). Meth- 
otrexate treatment inhibited neutrophil adherence by enhancing 
adenosine release from fibroblasts since digestion of extracellular 
adenosine by added adenosine deaminase completely abrogated 
the effect of methotrexate on neutrophil adherence without, itself, 
affecting adherence. One hypothesis that explains the effect of 
methotrexate on adenosine release is that, by inhibition of 5-ami- 
noimidazole-4-carboxamide ribonucleotide (AIC AR) transformy- 
lase, methotrexate induces the accumulation of AICAR, the 
nucleoside precursor of which (5-aminomwlazole-4-cariioxaniide 
ribonucleoside referred to hereafter as acadesine) has previously 
been shown to cause adenosine release from ischemic cardiac 
tissue. We found that acadesine also promotes adenosine release 
from and inhibits neutrophil adherence to connective tissue cells. 
The observation that the antiinflammatory actions of methotrex- 
ate are due to the capacity of methotrexate to induce adenosine 
release may form the basis for the development of an additional 
class of antiinflammatory drugs. 



First reported to be useful in the treatment of rheumatoid 
arthritis (1), methotrexate is now widely used to treat a 
variety of inflammatory diseases, most notably rheumatoid 
arthritis (for review, see ref. 2). The mechanism by which 
methotrexate modulates inflammation remains, however, a 
mystery. The antineoplastic (antiproliferative) effects of 
methotrexate are due to inhibition of dihydrofolate reductase 
with resulting inhibition of purine and pyrimidine synthesis. 
However, folate depletion probably does not account for the 
therapeutic effects of methotrexate in inflammatory disease. 
(1) At the doses of methotrexate administered, leukopenia 
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due to inhibition of DNA synthesis, does not occur (2), a 
finding not consistent with the hypothesis that methotrexate 
is antiinflammatory due to inhibition by methotrexate of 
dihydrofolate reductase. («) In two (3, 4) of three (5) pub- 
lished trials neither folate supplementation nor administra- 
tion of reduced folate (folinic acid) reversed the therapeutic 
effects of this agent (although both agents reduced toxicity), 
direct evidence against inhibition of dihydrofolate reductase. 

Recent observations have suggested a different mechanism 
to explain the antiinflammatory characteristics of methotrex- 
ate. Methotrexate and its polyglutamated analogues are very 
potent inhibitors of 5-aminoimidazole-4-carboxamide ribo- 
nucleotide (AICAR) transformylase (6-8), an enzyme re- 
quired for de novo purine synthesis. In a study of canine 
myocardial injury Gruber et al. (9) found that administration 
of 5-aminoimidazole-4-carboxamide ribonucleoside 
(acadesine), the nucleoside precursor of AICAR, increases 
adenosine release from, diminishes neutrophil accumulation 
in, and increases collateral flow into ischemic myocardium. 
Thus, methotrexate, by inhibiting AICAR transformylase, 
may increase the intracellar concentration of its substrate, 
AICAR, which would lead, in turn, to increased release of 
adenosine, a potent antiinflammatory autocoid, at sites of 
inflammation. 

We report that methotrexate, at pharmacologically rele- 
vant doses, induces adenosine release from human dermal 
fibroblasts and umbilical vein endothelial cells. The increase 
is most marked in the presence of neutrophils stimulated with 
the chemoattractant fMet-Leu-Phe (0.1 /u,M). In turn, the 
released adenosine inhibited neutrophil adhesion. Acadesine 
altered, in a manner similar to methotrexate, both adenosine 
release and neutrophil adherence. 

MATERIALS AND METHODS 

Materials. Tissue culture media [Dulbecco's modified Ea- 
gle's medium (DMEM) and medium 199] were obtained from 
GIBCO. [ 14 C]Adenine was purchased from NEN/DuPont 
and DEAE-cellulose thin layer chromatography plates were 
obtained from Eastman Kodak. The scintillant Filtron-X was 
supplied by National Diagnostics (Manville, NJ). Lym- 
phoprep (Hypaque/Ficoll) was obtained from Nyegaard 
(Oslo). Trioctylamine was purchased from Aldrich Chemical 
(Orangeburg, NY) and Freon-113 was obtained from Math- 
eson. Methotrexate, fMet-Leu-Phe, AICAR, and all other 
reagents were obtained from Sigma. All reagents were of the 
highest quality available. 

Endothelial Cell Cultures. Endothelial cells were cultured 
and grown as described by Jaffe et al. (10). Briefly, segments 
of freshly obtained human umbilical veins were treated with 



Abbreviations: AICAR, 5-aminoimidazole-4-carboxamide ribonu- 
cleotide; ANOVA, analysis of variance; PMN, polymorphonuclear 
leukocyte. 
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collagenase (0.1%), and the endothelial cells were collected 
and grown to confluence in gelatin-coated flasks containing 
medium 199/20% (vol/vol) fetal bovine serum at 37°C in a 5% 
C0 2 /95% air atmosphere. The endothelial cells were then 
passed as necessary and grown to confluence in gelatin- 
coated 96-well tissue culture plates in medium 199/20% fetal 
bovine serum. All cells were used in the third passage. 

Human Dermal Fibroblasts. Normal human fibroblasts 
(GM08389) were obtained from the National Institute of 
General Medical Sciences Human Genetic Mutant Cell Re- 
pository (Camden, NJ) and cell line HM was a generous gift 
of Frank Martiniuk (New York Univ. Medical Center, New 
York). The cells were grown to confluence in DMEM/20% 
fetal bovine serum and passed as necessary. All cells were 
used during passages 5-15. Nearly identical results were 
obtained when either cell line was used. 

Incubation of Cell Cultures with Methotrexate. Fibroblasts 
or preconfluent cultures of endothelial cells were washed 
three times with medium and then incubated for 48 hr at 37°C 
in a 5% C0 2 /95% air atmosphere in fresh medium containing 
methotrexate at various concentrations. At the end of the 
incubation, cells were washed three times with fresh medium. 
When examined microscopically, there was no difference in 
cellular morphology between wells treated with methotrexate 
and those treated with medium alone. 

Isolation of Neutrophils. Human neutrophils were isolated 
from whole blood after centrifugation through Hypaque/ 
Ficoll gradients, sedimentation through dextran, 6% (wt/ 
vol), and hypotonic lysis of erythrocytes. This procedure 
allowed study of populations that were 98 ± 2% neutrophils 
with few contaminating erythrocytes or platelets. Neutro- 
phils were suspended in a Hepes-buffered saline solution 
consisting of 150 mM Na + , 5 mM K + , 1.3 mM Ca 2+ , 1.2 mM 
Mg 2+ , 155 mM CI", and 10 mM Hepes (pH 7.45) (11). 

Labeling of Connective Tissue Cells with [ 14 C]Adenine. 
After washing the cell cultures with fresh medium, cells were 
incubated in Hepes-buffered saline containing [ 14 C]adenine 
(25/LtCi/ml;lCi = 37 GBq) inafmal volume of 250 /A per well 
for 3 hr at 37°C in a 5% C0 2 /95% air atmosphere. At the end 
of this incubation wells were again washed three times with 
fresh medium before use in the experiments. 

Assay for 14 C -Labeled Purine Release. To study the effects 
of preincubation with methotrexate or incubation with 
acadesine on 14 C-labeled purine release, endothelial cells or 
fibroblasts were incubated at 37°C in a 5% C0 2 /95% air 
atmosphere in the presence or absence of 1.25 x 10 6 neu- 
trophils per ml with or without fMet-Leu-Phe (0.1 /iM) and 
acadesine in a final volume of 200 pi. This concentration of 
neutrophils is 12.5% of that which we have found (12) to 
injure endothelial cells. Because in preliminary experiments 
preincubation of connective tissue cells with acadesine mark- 
edly reduced [ 14 C]adenine uptake, acadesine was added 
during final incubations. In some experiments adenosine 
deaminase (0.125 international unit/nil), which had been 
dialyzed for 3-4 hr at 4°C against phosphate-buffered saline, 
was added to tissue culture wells. At the end of the incuba- 
tion, samples of supernatant medium were collected, treated 
with 10% (vol/vol) trichloroacetic acid, and extracted with a 
mixture of Freon/trioctylamine, 31:9 (vol/ vol), before cen- 
trifugation at 10,000 x g. The aqueous layer was then 
collected and frozen (— 20°C) until assayed for purine con- 
tent. In some experiments the remaining supernatant medium 
was removed, the remaining cells were lysed by overnight 
incubation with water, and the lysates were collected for 
quantitation of radioactivity. All experimental conditions 
were performed in duplicate with <5% variation between 
replicates. In preliminary experiments we found that addition 
of the chemoattractant fMet-Leu-Phe (0.1 /iM) in the absence 
of neutrophils did not affect adenosine release from connec- 
tive tissue cells regardless of whether or not they were treated 



with methotrexate (100 fiM) or acadesine (100 /aM, data not 
shown). 

Separation and Quantitation of ,4 C -Labeled Purines. A 

50-ftl portion of each sample was spotted onto DEAE- 
cellulose thin layer chromatography sheets. Separation was 
then carried out by chromatography in water/isobutanol/ 
methanol/ammonium hydroxide in a ratio of 30:10:1:10 (vol/ 
vol). After drying, the labeled purines and their carrier 
compounds (AMP, hypoxanthine, inosine, and adenosine, 
each at 500 mg/dl) were visualized under ultraviolet, cut out, 
and placed in scintillation vials. Radioactivity was quanti- 
tated in a Packard scintillation counter to an error of <0.2% 
(13). 

Neutrophil Adherence to Endothelial Cell or Fibroblast 
Monolayers. After removal of medium for quantitation of 
purines, the monolayers and adherent neutrophils were fixed 
by addition of formaldehyde to 3.7% (vol/ vol). Monolayers 
and their adherent neutrophils were then washed three times 
to remove nonadherent neutrophils and then stained with 
Weigert's hematoxylin. Adherent neutrophils were easily 
differentiated from underlying fibroblasts and endothelial 
cells on the basis of size and nuclear-staining characteristics 
(12). The number of neutrophils in three x 100 fields per well 
was quantified and the mean was calculated. Counts were 
performed on two replicate wells, which differed by <5%. 

Statistical Analysis. All results represent the mean (± 
SEM), unless otherwise stated. The significance of the effects 
of agents and neutrophils and their interactions on adenosine 
release from and neutrophil adhesion to connective tissue 
cells was determined by the appropriate level of analysis of 
variance (ANOVA). 

RESULTS 

Treatment of fibroblasts with methotrexate caused a dose- 
dependent increase in release of adenosine from 4 ± 1% to a 
maximum of 31 ± 6% of the total purine released (Fig. 1). 
Methotrexate was a surprisingly potent promoter of adeno- 
sine release with an EC 50 of 1 nM. When fibroblasts were 
treated with methotrexate and then incubated with neutro- 
phils, there was a nearly identical dose-dependent increase in 
release of adenosine from 5 ± 2% to 23 ± 5% of total purine 
released (Fig. 1, P < 0.01). However, treatment of fibroblasts 
with methotrexate followed by incubation with neutrophils 
stimulated with fMet-Leu-Phe (0.1 /xM) markedly enhanced 




tMETHOTREXATE] (nM) 

Fig. 1. Normal human fibroblasts were incubated with meth- 
otrexate at the indicated concentrations for 48 hr, washed, and 
labeled with [ 14 C]adenine. After washing, the fibroblasts were incu- 
bated in the presence of medium alone, neutrophils, or stimulated 
(fMet-Leu-Phe at 0.1 /xM) neutrophils. After 2 hr the supernatant was 
collected and analyzed by thin layer chromatography. Data are the 
mean (± SEM) of four experiments performed in duplicate. Two-way 
ANOVA indicates that the percentage of purine released as adeno- 
sine varies with dose of methotrexate (P < 0.0001) and with the 
presence of stimulated neutrophils CP < 0.003). PMN, polymorpho- 
nuclear leukocyte; fMLP, fMet-Leu-Phe. 
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adenosine release from 4 ± 1% to 51 ± 4% of total purine 
released (Fig. 1). The quantity of adenosine detected corre- 
sponds to «400 nM, a concentration well within the effective 
physiologic range of activity for adenosine (14). Although 
stimulated neutrophils induced a greater shift in purine re- 
lease from methotrexate-treated fibroblasts, there was no 
significant change in the concentration of methotrexate re- 
quired to shift purine release (EC 50 , 6 nM). As shown (Fig. 1), 
neither unstimulated nor stimulated neutrophils altered basal 
adenosine release from fibroblasts. Moreover, methotrexate 
or neutrophils or their combination did not affect total purine 
release from fibroblasts (7 ± 2, 7 ± 1, 7 ± 1%, respectively, 
of total purine pool released vs. 7 ± 1% from control cells). 

As compared to fibroblasts, endothelial cells, under con- 
trol conditions, released a greater percentage of their purine 
as adenosine (24 ± 4% vs. 4 ± 1%, P < 0.01, n = 4). When 
endothelial cells were treated with methotrexate (100 jiM), 
there was an increase in the percentage of adenosine released 
to 42 ± 7% of total purine released (P < 0.01, n = 4). As with 
fibroblasts, unstimulated neutrophils did not affect the per- 
centage of purine released as adenosine from control or 
methotrexate-treated endothelial cells (20 ± 4% and 39 ± 8%, 
respectively, n = 4). Stimulated neutrophils also did not 
affect adenosine release (18 ± 3% of total purine released, n 
= 4) from endothelial cells but increased adenosine release 
from methotrexate-treated cells to 58 ± 5% of total purine 
released (P < 0.003 vs. control, n = 4). 

To examine the hypothesis that inhibition of AICAR trans- 
formylase by methotrexate is responsible for the release of 
adenosine, we determined whether acadesine, the nucleoside 
precursor of AICAR, also increases adenosine release. 
Acadesine (100 jiM) induced fibroblasts to release a greater 
percentage of purine as adenosine (from 3 ± 1% to 19 ± 5% 
of total purine released, P < 0.01, n - 4; Fig. 2). However, 
acadesine was far less potent than methotrexate. As with 
methotrexate, stimulated but not unstimulated neutrophils 
also enhanced the effect of acadesine (100 jjM) on adenosine 
release (53 ± 7% and 22 ± 13% of total purine released, 
respectively, P < 0.001, n = 4; Fig. 2). 

Acadesine (100 /jlM) treatment increased the percentage of 
purine released as adenosine from endothelial cells from 24 ± 
4% to 39 ± 6% (n = 4, P < 0.01). Stimulated neutrophils 
further increased the percentage of purine released as aden- 
osine to 62 ± 9% of total purine released (P < 0.001, n = 4). 

To determine whether methotrexate or acadesine was toxic 
to endothelial cells or fibroblasts, we compared both uptake 
and release of purine by treated cells. Cells treated with 
methotrexate (100 /xM) took up as much [ 14 C]adenine as 
control cells (101 ± 7% of control uptake, n = 4) and did not 




[ACADESINE] (pM) 

Fig. 2. After labeling with [ 14 C]adenine, normal human fibro- 
blasts were incubated with acadesine at the indicated concentrations 
in the presence or absence of neutrophils or stimulated neutrophils 
(fMet-Leu-Phe at 0.1 /jM). After 2 hr the supernatant was collected 
and analyzed by thin layer chromatography. Data are the mean (± 
SEM) of two to four experiments performed in duplicate. fMLP, 
fMet-Leu-Phe. 



release any greater percentage of the labeled purine pool 
during these experiments (7 ± 1 vs. 7 ± 2% of total label 
released from control and methotrexate-treated cells, n = 4). 
Similarly, fibroblasts treated with acadesine (100 /jlM) or 
exposed to stimulated neutrophils plus methotrexate (100 
/LtM) also released no more of their labeled purine pool than 
control cells (7 ± 1 and 7 ± 1% of total label released). 
Moreover, no change in cell morphology was detected 
whether cells were treated with methotrexate, acadesine, 
stimulated neutrophils, or their combination. These results 
indicate that the increase in adenosine release from meth- 
otrexate-treated fibroblasts was not due to toxicity of meth- 
otrexate for fibroblasts. Similar results were obtained using 
endothelial cells (data not shown). 

We next determined whether the release of adenosine from 
connective tissue cells treated with methotrexate was rele- 
vant to the antiinflammatory activity of methotrexate. We 
have previously demonstrated that adenosine, presumably 
acting at adenosine A 2 receptors on neutrophils, inhibits 
neutrophil adherence to endothelial cells (12). Therefore, we 
determined whether adherence by unstimulated and stimu- 
lated neutrophils to connective tissue cells was affected by 
treatment of the connective tissue cells with methotrexate. 
Treatment of connective tissue cells with methotrexate mark- 
edly inhibited adherence of both unstimulated and stimulated 
neutrophils to fibroblasts (EC 50 , 9 nM and 13 nM, respec- 
tively, P < 0.001; Fig. 3). Similarly, acadesine also inhibited 
unstimulated and stimulated neutrophil adherence to fibro- 
blasts (EC50, 13 /itM and 18 jjM, respectively, P < 0.001; Fig. 
4) at concentrations similar to those required for promotion 
of adenosine release. Methotrexate and acadesine inhibited 
neutrophil adherence to endothelial ceils in a similar fashion 
(data not shown). 

To determine whether the diminished adherence of neu- 
trophils was related to the increase in adenosine release from 
connective tissue cells, we determined whether addition of 
adenosine deaminase, which metabolizes adenosine to inos- 
ine, reverses the effect of methotrexate treatment on neu- 
trophil adherence. Adenosine deaminase alone did not affect 
adherence of either unstimulated or stimulated neutrophils to 
either fibroblasts or endothelial cells (Figs. 5 and 6). In 
contrast, and as described above, treatment of connective 
tissue cells with methotrexate (100 /iM) markedly inhibited 
neutrophil adherence to connective tissue cells and this 
inhibition was completely abolished by the addition of aden- 
osine deaminase. Similarly, adenosine deaminase completely 
reversed the effect of acadesine on adherence to endothelial 
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Fig. 3. Normal human fibroblasts were treated with methotrex- 
ate as indicated for 48 hr and then washed extensively. The fibro- 
blasts were then incubated with neutrophils in the presence (stimu- 
lated) or absence of fMet-Leu-Phe (0.1 p,M) for 2 hr. After fixation 
and washing the monolayers were stained and the neutrophils were 
counted in three fields per well. Data are the mean (± SEM) of four 
experiments performed in duplicate. Two-way ANOVA demon- 
strates that neutrophil adherence varied significantly with the dose of 
methotrexate (P < 0.0001) and with stimulation (P < 0.0001). 
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Fig. 4. Normal human fibroblasts were incubated in the presence 
of acadesine at the indicated concentrations with stimulated (fMet- 
Leu-Phe at 0.1 jjM) or unstimulated neutrophils. After fixation and 
washing the monolayers were stained and the neutrophils were 
counted in three fields per well. Data are the mean (± SEM) of four 
experiments performed in duplicate. Two-way ANOVA demon- 
strates that neutrophil adherence varied significantly with the dose of 
acadesine (P < 0.01) and with stimulation (P < 0.001). 

cells (Fig. 7). Nearly identical results were found with 
fibroblasts (data not shown). 

DISCUSSION 

The results of the experiments reported herein demonstrate 
an antiinflammatory action of methotrexate: increased aden- 
osine release. Treatment of both fibroblasts and endothelial 
cells with methotrexate at pharmacologically relevant doses 
increases adenosine release from these cells, an effect that is 
even more marked in the presence of stimulated neutrophils. 
The adenosine released from methotrexate-treated connec- 
tive tissue cells, in turn, inhibits adhesion of neutrophils to 
connective tissue cells, a critical initial step for infiltration or 
injury by neutrophils of connective tissue cells. These ob- 
servations suggest that this is a mechanism by which meth- 
otrexate diminishes inflammation in vivo. 

We have shown herein that the concentration of adenosine 
released from methotrexate-treated cells that remains extra- 
cellar (equivalent to a final concentration of 400-500 nM) 
inhibits neutrophil function but the antiinflammatory effects 
of extracellular adenosine are not confined to neutrophil 
function. Previous studies have demonstrated that adenosine 
occupies adenosine A 2 receptors on monocyte-macrophages 
(15-19) and lymphocytes (20-24), cells that play a major role 
in the pathogenesis of chronic inflammation. In general, 
occupancy of adenosine receptors on monocytes and lym- 
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Fig. 5. Normal human fibroblasts were incubated with meth- 
otrexate (100 fxM) for 48 hr, washed extensively, and then incubated 
for 2 hr with unstimulated or stimulated (fMet-Leu-Phe at 0.1 /xM) 
neutrophils in the presence or absence of adenosine deaminase 
(ADA, 0.125 international unit/ml). After fixation and washing the 
monolayers were stained and the neutrophils were counted in three 
fields per well. Data are the mean (± SEM) of three experiments 
performed in duplicate. Two way ANOVA demonstrates that neu- 
trophil adherence varied significantly with the presence of meth- 
otrexate CP < 0.01) and that adenosine deaminase induced a signif- 
icant increase in adherence of both stimulated and unstimulated 
neutrophils to methotrexate-treated fibroblasts (P < 0.05). 
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Fig. 6. Preconfluent monolayers of human umbilical vein endo- 
thelial cells were incubated in the presence or absence of methotrex- 
ate (100 fxM) for 48 hr and washed extensively. The monolayers were 
then incubated with neutrophils in the presence (stimulated) and 
absence (unstimulated) of fMet-Leu-Phe (0.1 /iM) and adenosine 
deaminase (ADA, 0.125 international unit/ml) for 2 hr. After fixation 
and washing the monolayers were stained and the neutrophils were 
counted in three fields per well. Data are the mean (± SEM) of three 
experiments performed in duplicate. Two-way ANOVA demon- 
strates that neutrophil adherence varied significantly with the pres- 
ence of methotrexate (P < 0.01) and that adenosine deaminase 
induced a significant change in adherence of both stimulated and 
unstimulated neutrophils to methotrexate-treated endothelial cells (P 
< 0.05). 

phocytes inhibits their ability to induce tissue damage. It has 
been demonstrated (12, 14, 25-30) that adenosine occupies 
specific A 2 receptors on the surface of neutrophils to inhibit 
the generation of toxic oxygen metabolites such as O2 , H 2 0 2 , 
and adherence to endothelium. Thus, for example, increased 
release of adenosine from synovial cells could dampen both 
the acute and chronic inflammation present in the joints of 
patients with rheumatoid arthritis. 

Although the functional effects of adenosine are not re- 
stricted to a single type of inflammatory cell, we would 
predict that the effects of the adenosine released from meth- 
otrexate-treated cells would be restricted to the areas most 
directly infiltrated by inflammatory cells. Adenosine is very 
short-lived in whole blood where it is rapidly taken up by 
erythrocytes or metabolized by adenosine deaminase (31). 
Moreover, at sites of tissue necrosis intracellular enzymes 
such as adenosine deaminase are released that can metabo- 
lize adenosine to the functionally inactive purine riboside 
inosine. 
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Fig. 7. Normal human endothelial cells were incubated for 2 hr 
with unstimulated or stimulated (fMet-Leu-Phe at 0.1 /x,M) neutro- 
phils in the presence or absence of acadesine (100 /*M) and adenosine 
deaminase (ADA, 0.125 international unit/ml). After fixation and 
washing, the monolayers were stained and the neutrophils were 
counted in three fields per well. Data are the mean (± SEM) of three 
experiments performed in duplicate. Two-way ANOVA demon- 
strates that neutrophil adherence varied significantly with the pres- 
ence of acadesine (P < 0.01) and that adenosine deaminase induced 
a significant change in adherence of both stimulated and unstimulated 
neutrophils to acadesine-treated endothelial cells (P < 0.03). 
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The molecular mechanism by which methotrexate and 
acadesine promote adenosine release from connective tissue 
cells remains unknown; however, our data suggests one 
possible pathway by which methotrexate may induce in- 
creased extracellular adenosine concentrations. Methotrex- 
ate and its polyglutamated derivatives are potent inhibitors of 
AICAR transformylase (8). Inhibition of AICAR transformy- 
lase could cause accumulation of its substrate, AICAR and 
acadesine, a compound previously shown to promote aden- 
osine release by an unknown mechanism (9). Our data are 
consistent with this hypothesis. Thus, the parallel effects of 
acadesine and methotrexate on adenosine release and neu- 
trophil adherence suggest that the effect of methotrexate on 
adenosine release is due to inhibition by methotrexate of 
AICAR transformylase with accumulation of AICAR. 

An alternative pathway by which methotrexate could mod- 
ulate inflammatory cell interactions is suggested by studies of 
Nesher and Moore (32), who found that methionine reverses 
the effects of methotrexate on in vitro immunoglobulin pro- 
duction and hypothesized that uptake of methionine leads to 
regeneration of 5-adenosylmethionine, a methyl donor that 
may be depleted in methotrexate-treated cells due to inhibi- 
tion of dihydrofolate reductase. Our results do not exclude 
the hypothesis of Nesher and Moore (32) but suggest an 
alternative interpretation of their studies. In methotrexate- 
treated cells exogenous methionine may degrade to homo- 
cysteine that could recondense with adenosine thereby 
"trapping" excess adenosine intracellularly as S-adenosyl- 
homocysteine. If increased adenosine release contributes to 
the antiinflammatory activity of methotrexate, then intracel- 
lular "trapping" of adenosine would reverse the effects of 
methotrexate treatment. Alternatively, methotrexate may 
inhibit the function of various cell types by different mech- 
anisms. 

Our results show that, in contrast to untreated connective 
tissue cells, cells treated with either methotrexate or 
acadesine release more adenosine after exposure to stimu- 
lated neutrophils. The mechanism by which stimulated neu- 
trophils enhance adenosine release only from cells treated 
with methotrexate or acadesine is unknown. However, it is 
well known that intracellular stores of reduced glutathione 
protect connective tissues from oxidant injury. Stimulated 
neutrophils release a variety of toxic oxygen metabolites that 
require detoxification and, ultimately, ATP turnover to re- 
generate reduced glutathione. Moreover, ATP is used to 
reestablish membrane ion gradients in connective tissue cells 
after exposure to the toxic products of neutrophils. There- 
fore, it is possible that neutrophils enhance adenosine release 
from connective tissue cells treated with methotrexate or 
acadesine because such treatment might diminish reutiliza- 
tion of adenosine generated during adenine nucleotide turn- 
over. 

Whereas our studies do not rule out a direct effect of 
methotrexate on neutrophil function, our results do indicate 
an antiinflammatory mechanism by which methotrexate may 
ameliorate rheumatoid arthritis; methotrexate increases 
adenosine release from connective tissue cells, specifically 
connective tissue cells under stress. Since the effects of 
adenosine are confined to those areas where the adenosine is 
released and because of the extremely rapid metabolism of 
adenosine in tissues and in the blood, the potential toxicity of 
excess adenosine release is reduced. Thus, the demonstra- 
tion that agents capable of stimulating adenosine release at 
inflamed sites are antiinflammatory could lead to the devel- 
opment of an additional class of antiinflammatory drugs. 
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Increased Adenosine Release at Inflamed Sites Diminishes Leukocyte Accumulation 
in an In Vivo Model of Inflammation 
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Abstract 

Methotrexate, a folate antagonist, is a potent antiinflammatory 
agent when used weekly in low concentrations. We examined 
the hypothesis that the antiphlogistic effects of methotrexate 
result from its capacity to promote intracellular accumulation 
of 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) 
that, under conditions of cell injury, increases local adenosine 
release. We now present the first evidence to establish this 
mechanism of action in an in vivo model of inflammation, the 
murine air pouch model. Mice were injected intraperitoneal!) 
with either methotrexate or saline for 3-4 wk during induction 
of air pouches. Pharmacologically relevant doses of methotrex- 
ate increased splenocyte AICAR content, raised adenosine con- 
centrations in exudates from carrageenan-inflamed air 
pouches, and markedly inhibited leukocyte accumulation in in- 
flamed air pouches. The methotrexate-mediated reduction in 
leukocyte accumulation was partially reversed by injection of 
adenosine deaminase (ADA) into the air pouch, completely 
reversed by a specific adenosine A 2 receptor antagonist, 3,7-di- 
methyl-l-propargylxanthine (DMPX), but not affected by an 
adenosine A, receptor antagonist, 8-cyclopentyl-dipropyIxan- 
thine. Neither ADA nor DMPX affected leukocyte accumula- 
tion in the inflamed pouches of animals treated with either sa- 
line or the potent antiinflammatory steroid dexamethasone. 
These results indicate that methotrexate is a nonsteroidal an- 
tiinflammatory agent, the antiphlogistic action of which is due 
to increased adenosine release at inflamed sites. (/. Clin. In- 
vest 1993. 92:2675-2682.) Key words: leukocyte • adenosine • 
purine • inflammation • methotrexate 

Introduction 

Methotrexate is a folate antagonist first developed for the treat- 
ment of malignancies and now widely used in the treatment of 
rheumatoid arthritis ( 1 ) . Unlike its use in the treatment of 
malignancies (pulses of 20-250 mg/kg), methotrexate is ad- 
ministered weekly in low doses (0. 1-0.3 mg/kg) to treat rheu- 
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matoid arthritis and other inflammatory diseases (1). Al- 
though the original rationale for the use of methotrexate in the 
treatment of rheumatoid arthritis was "immunosuppression," 
the molecular mechanism by which methotrexate suppresses 
inflammation is not well understood. It is unlikely that, in the 
doses given, methotrexate diminishes proliferation of immune 
cells by inhibiting de novo purine and pyrimidine synthesis 
since leukopenia and mucosal ulcerations, phenomena best ex- 
plained by the antiproliferative effects of methotrexate, are con- 
sidered evidence of drug toxicity and indications to decrease or 
stop therapy. Other proposed mechanisms include a decrease 
in neutrophil (but not macrophage) leukotriene synthesis (2) 
and inhibition of transmethylation reactions by inhibiting the 
formation of 5-adenosyl-methionine, a methyl donor required 
for protein and lipid methylation (3). 

We have recently proposed an alternative biochemical 
mechanism of action of methotrexate; methotrexate promotes 
the release of the antiinflammatory autocoid adenosine at in- 
flamed sites (4). Previous studies have suggested that metho- 
trexate accumulates within cells and, both directly and indi- 
rectly, inhibits 5-aminoimidazole-4-carboxamide ribonucleo- 
tide (AICAR) 1 transformylase, resulting in the intracellular 
accumulation of AICAR (Fig. 1; references 5-9). Increased 
intracellular concentrations of AICAR promote, by a complex 
mechanism, the increased release of the potent antiinflamma- 
tory autocoid adenosine (10, 11). Results of in vitro studies 
support this hypothesis (4); low concentrations (< 10 nM) of 
methotrexate or higher concentrations of the cell-soluble, non- 
phosphorylated precursor of AICAR, AICARibonucleoside 
(acadesine), promote adenosine release from fibroblasts and 
endothelial cells. The increase in extracellular adenosine con- 
centration diminished, via occupancy of specific cell surface 
receptors, the capacity of stimulated neutrophils to adhere to 
the methotrexate-treated endothelial cells and fibroblasts, in an 
in vitro model of an inflammatory interaction. Asako et al. 
( 1.2) have confirmed that methotrexate suppresses inflamma- 
tion by increasing adenosine release using the hamster cheek 
pouch model of acute inflammation but high concentrations of 
topically applied methotrexate ( 1 nM ) were used in their study. 

We report here the first evidence from in vivo studies that 
demonstrates that low-dose weekly methotrexate treatment 
causes intracellular accumulation of AICAR, increased adeno- 
sine release at sites of inflammation, and adenosine-dependent 
inhibition of inflammation. Moreover, we have confirmed that 
in methotrexate-treated mice adenosine diminishes inflamma- 
tion via occupancy of adenosine A 2 receptors. These data pro- 
vide the first in vivo demonstration of a novel biochemical 
mechanism of action for methotrexate. 



1. Abbreviations used in this paper: AICAR, 5-aminoimidazole-4-car- 
boxamide ribonucleotide; DMPX, 3,7-dimethyI-l-propargylxanthine. 



Antiinflammatory Mechanism of Methotrexate 2675 



De Novo Purine Biosynthesis 

►GAR-lfe FGAR— *, 



Transmethylation Reactions 



MTX . 



DHF . 




FAICAR 




imp: 



II 

Inosine • 
oxa 

UricVcid 



=JJp thf | 

|j Homocysteine 

-Adenosine ■ sah 

It 



Extracellular Space 



Figure 1. Proposed molecular mechanism of action of methotrexate. 
Shown here are the major steps in purine synthesis and degradation. 
Abbreviations: GAR, 0-glycinamide ribonucleotide; FGAR, a-N-for- 
mylglycinamide ribonucleotide; MTX„ U , methotrexate polygluta- 
mate; DHF,,,,, dihydrofolate polyglutamate; AICAR, 5-aminoimida- 
zole-4-carboxamide ribonucleotide; FAICAR, formyl-AICAR; IMP, 
inosinic acid; THF, tetrahydrofolate (reduced); SAM, S-adenosyl- 
methionine; SAH, 5-adenosylhomocysteine. 



Materials. 3,7-Dimethyl-l-propargylxanthine and 8-cyclopentyl-di- 
propylxanthine were obtained from Res. Biochem. Inc. (Natick, MA). 
Injectable methotrexate (US Pharmacopeia) was purchased from Le- 
derle Laboratories Division of American Cyanamid (Wayne, NJ). 
Adenosine deaminase (Type IV, calf intestinal), carrageenan, and 
dexamethasone were obtained from Sigma Chemical Co. (St. Louis, 
MO). All other reagents were the highest grade that could be obtained. 

Induction of air pouches and carrageenan- induced inflammation. 
To induce an air pouch, mice (6-wk-old, female Balb/c mice, Taconic 
Farms Inc., Germantown, NY) were injected subcutaneously with 3 cc 
of air ( on the back ) three times per wk. After 3-4 wk, the air pouch was 
injected with 1 ml of a 2% (wt/vol) suspension of carrageenan and 
mice were returned to their cages, where they were allowed to run free 
for 4 h. At the end of 4 h, the animals were killed, 2 cm 3 of normal 
saline was injected into the pouch and the contents of the pouch were 
aspirated, diluted 1:2 with normal saline, and samples were taken for 
cell count. Smears of the undiluted fluid were prepared and an aliquot 
was stained (Wright-Giemsa), revealing that > 95% of the exudate 
cells were PMNs. In some experiments the air pouch was dissected 
from the subcutaneous tissue, fixed in formalin, processed for histo- 
logic sections, and stained (hematoxylin and eosin and Giemsa stains) 
using standard methods (13). These studies were reviewed and ap- 
proved by the Institutional Animal Care and Use Committee of New 
York University Medical Center. 

Treatment of mice with methotrexate. Mice were treated with 
weekly intraperitoneal injections ( 1 ml) of methotrexate (U.S.P., 0.05- 
0.5 mg/kg) or pyrogen-free (U.S.P.) normal saline (0.9%) for 3 or 4 
wk. There were no apparent adverse effects of either treatment that 
could be detected by visual inspection of the animals and there were no 
apparent differences between the animals treated with saline and those 
treated with methotrexate. 

Preparation of adenosine deaminase. Adenosine deaminase ( 50 pi, 
4000 U/ml) was dialyzed against PBS overnight (4°C) before dilution 
and injection into the air pouch. For some experiments, dialyzed adeno- 
sine deaminase was incubated with deoxycoformycin ( 1 pM) for 30 
min at room temperature before dilution (1:2600) in PBS containing 
carrageenan (14). 

Injection of adenosine deaminase and adenosine receptor antago- 
nists. In some experiments adenosine deaminase, previously inacti- 
vated adenosine deaminase ( see above ) , and adenosine receptor antag- 
onists were added to the carrageenan suspension to an appropriate final 
concentration. The final volume of the carrageenan suspension (with 
inhibitors) did not differ from that in control mice (1 ml). 



Histologic analysis of sections of air pouches. Slides of stained 
(Giemsa) sections of mouse air pouch were examined microscopically 
using a Leitz research microscope to which was attached a high-resolu- 
tion video camera. Video images were projected directly onto a screen 
for analysis by use of JAVA software (Jandel Sci., Corte Madera, CA) 
run on a Zenith 386 computer. All images were digitized directly and 
enhanced for contrast and brightness using PHOTOSTYLER software 
(Aldus, Inc., Seattle, WA). 

Quantitation of AICAR. In some experiments the spleens were har- 
vested and the cells were isolated by scraping through gauze. The cells 
were washed and resuspended at 100 x 10 6 /ml in PBS. The cells were 
then lysed and the proteins were denatured by addition of 1 vol of 
trichloroacetic acid ( 10% vol /vol). The trichloroacetic acid was ex- 
tracted with freon-octylamine and the supernatants were collected and 
stored at -80°C before analysis. Nucleotides were quantitated by 
HPLC by a modification of the method of Chen et al. ( 15). Briefly, 
nucleotides were injected onto a Partisil-10 SAX column (Whatman 
Inc., Clifton, NJ), isocratic elution with 0.007 M NH 4 H 2 P0 4 , pH 4.0, 
followed by a linear gradient to 0.25 M NH 4 H 2 P0 4 , pH 5, formed over 
30 min at a flow rate of 2 ml /min. Absorbance was monitored at 250 
and 260 nm and concentration was calculated by comparison to stan- 
dards. Preliminary studies showed that 85% of added AICARibotide 
was recovered using this technique. 

Adenosine determination. Aliquots of pouch exudates were added 
to a similar volume of trichloroacetic acid ( 10% vol /vol), followed by 
extraction of the organic acid, as described above. The adenosine con- 
centration of the supernatants was determined by reverse-phase HPLC, 
as we have previously described (14). Briefly, samples were applied to a 
Cl8^Bondapack column (Waters Chromatography Div., Milford, 
MA) and eluted with a 0-40%-linear gradient ( formed over 60 min ) of 
0.01 M ammonium phosphate (pH 5.5) and methanol, with a 1.5 
ml /min flow rate. Adenosine was identified by retention time and the 
characteristic UV ratio of absorbance at 250/260, and the concentra- 
tion was calculated by comparison to standards. In some experiments 
the adenosine peak was digested by treatment with adenosine deami- 
nase (0. 1 5 IU/ml, 30 min at 37°C) to confirm that the peak so identi- 
fied contained only adenosine (16). Preliminary studies demonstrated 
that 90% of added adenosine was recovered using this technique. 

Digitization of chromatograms. Chromatograms were digitized us- 
ing a Hewlett-Packard (Palo Alto, CA) Scanjet apparatus and the re- 
sulting images were enhanced for contrast and brightness using PHO- 
TOSTYLER software run on a Zenith 386 personal computer. 

Statistical analysis. The data were analyzed by the appropriate 
level of ANOVA performed by EXCEL 4.0 software (Microsoft, Inc., 
Bothell, WA). 

Results 

Low-dose weekly methotrexate markedly inhibits leukocyte ac- 
cumulation in the air pouch in response to carrageenan. Low- 
dose weekly methotrexate is a potent form of antiinflamma- 
tory therapy in patients suffering from rheumatoid arthritis. To 
confirm that the murine air pouch model of inflammation was 
a reasonable model in which to study the antiinflammatory 
effects of methotrexate, we determined the effect of various 
doses of low-dose weekly methotrexate ( administered intraperi- 
toneally) on accumulation of leukocytes in the murine air 
pouch after injection of carrageenan. Methotrexate dimin- 
ished, in a dose-dependent manner, the number of leukocytes 
that accumulated in carrageenan-treated air pouches by as 
much as 60% ( IC50 = 0.08 mg/kg per wk, P < 0.0002 vs. saline- 
treated animals; Fig. 2). Moreover, the doses of methotrexate 
required to achieve a maximal antiinflammatory effect in this 
animal model are similar to those required for the treatment of 
rheumatoid arthritis (the equivalent of 10-15 mg/wk in a 70- 
kg individual). In other experiments we observed that metho- 
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Figure 2. Weekly injec- 
tion of low-dose metho- 
trexate is antiinflamma- 
tory in the air pouch 
model. Methotrexate 
was given to the mice 
by intraperitoneal injec- 
tion at the indicated 
doses for 3 to 4 wk dur- 
ing induction of the air 
pouch. The air pouch 
was injected with carra- 
geenan (2% wt/vol), 
exudates were harvested 4 h later, and the cells were counted. Each 
point represents the mean (±SEM) of cell counts from three mice. 
Analysis of variance demonstrates that the exudate cell count varied 
significantly with the dose of methotrexate (P < 0.0002). 



trexate-mediated inhibition of leukocyte accumulation was 
similar even when inflammation was induced up to 6 d after 
the last dose of methotrexate (data not shown). 

Low-dose weekly methotrexate treatment increases intra- 
cellular concentrations of AfCAR. We have proposed that the 
antiinflammatory actions of methotrexate result, both directly 
and indirectly, from the inhibition of AICAR transformylase 
(4). If this mechanism is correct, specific inhibition of AICAR 
transformylase should result in higher intracellular concentra- 
tions of AICAR. We directly tested the validity of this hypothe- 
sis by examining AICAR concentrations in splenocytes from 
saline- and methotrexate-treated mice (0.5 mg/kg by weekly 
intraperitoneal injection for 4 wk) by HPLC. We found that 
splenocytes from mice treated with methotrexate contained sig- 
nificantly more AICAR than those treated with saline (Table I, 
Fig. 3). These results are consistent with the hypothesis that 
low-dose methotrexate treatment leads to functional inhibition 
of AICAR transformylase. 

Low-dose weekly methotrexate treatment increases adeno- 
sine concentrations in inflammatory exudates. We have previ- 
ously shown that treatment of cells in culture with either meth- 
otrexate or AICARibonucleoside (acadesine), a nonphosphor- 
ylated, cell-soluble precursor of AICAR, promotes release of 
adenosine into the supernate and that adenosine release was 



Table I. Methotrexate (0.5 mg/kg per wk) Treatment 
Increases Intracellular AICAR and Extracellular Adenosine 

Exudate 



Condition 


AICAR concentration 
(pmol/10 6 splenocytes±SEM) 


concentration 
OiM, ±SEM) 




n = 6 


n = 16 


Control 


26.5±10 


0.57±0.09 


Methotrexate 






(0.5 mg/kg per wk) 


72.4±16* 


1.11±0.19* 



Mice were treated with a weekly intraperitoneal injection of sterile 
saline or methotrexate for 4 wk during which time an air pouch was 
induced on the backs of these mice, as described. After 4 wk the air 
pouches were injected with carrageenan (2%wt/voI), the splenocyte 
lysates and inflammatory exudates were collected and analyzed by 
HPLC, as described. *P< 0.02 vs. control, Student's / test. * P 
< 0.008 vs. control, Student's / test. 



AICAR 



AICAR 



B. 5 




Time (min) 



Figure 3. Intracellular concentration of AICAR is higher in spleno- 
cytes from animals treated with methotrexate (0.5 mg/kg per wk). 
Mice were treated with methotrexate for 4 wk during induction of 
the air pouch. After the animals were killed, and the air pouch exu- 
date was harvested, the spleens were collected, and the cells were col- 
lected. The cell number was adjusted, the cells were lysed, and the 
AICAR-concentration analyzed by reverse-phase, ion exchange 
HPLC and detected at OD 260 . Shown is a representative chromato- 
gram of six of splenocyte AICAR from {A) a control (22.6 pmol/ 10 6 
splenocytes) and (B) a methotrexate-treated mouse (87.3) pmol/10 6 
splenocytes). 



enhanced under conditions of "stress" (4). To determine 
whether low-dose weekly methotrexate treatment also pro- 
motes adenosine release in vivo we quantitated the adenosine 
concentration in inflammatory exudates taken from air 
pouches in saline- and methotrexate-treated (0.5 mg/kg per 
wk ) mice. We found that methotrexate treatment led to a signif- 
icantly higher adenosine concentration in the pouch exudate 
(Table I, Fig. 4). Thus, low-dose, intermittent methotrexate 
therapy promotes adenosine release at an inflamed site. 

Adenosine mediates the antiinflammatory effect of metho- 
trexate in the air pouch. To determine whether the methotrex- 
ate-induced increase in adenosine concentration observed in 
pouch fluid exudates was related to the antiinflammatory ef- 
fects of methotrexate, we studied the effect of adenosine deami- 
nase on leukocyte accumulation in methotrexate-treated mice. 
Adenosine deaminase irreversibly deaminates extracellular 
adenosine to its inactive metabolite, inosine, and thereby 
renders it inactive at adenosine receptors. Adenosine deami- 
nase (0.15 IU/ml) did not significantly affect the number of 
leukocytes recovered from pouches of saline-treated animals, 
but partially reversed the antiinflammatory effect of metho- 
trexate treatment (Fig. 5). Histologic examination of the air 
pouch tissue revealed that, similar to its effects on leukocyte 
counts in the exudate, methotrexate diminished leukocyte in- 



Antiinflammatory Mechanism of Methotrexate 2677 



Adenosine 




15 20 25 
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Figure 4. The concentration of adenosine is higher in exudates of 
mice treated with methotrexate (0.5 mg/kg per wk). Mice were 
treated with methotrexate for 4 wk during induction of the air pouch. 
After the animals were killed the air pouch exudate was harvested 
and soluble adenosine was extracted after treatment of the exudates 
with 10% trichloroacetic acid. The adenosine concentration of exu- 
date extracts was then analyzed by reverse-phase HPLC, as described, 
and detected at OD 260 . Shown is a representative chromatogram of 
16 of pouch exudate adenosine from {A) a control (0.39 jiM) and 
(B) a methotrexate-treated mouse ( 1.3 mM). 



filtration into the pouch tissue (38±2 vs. 106±14 cells/ 160X 
field, methotrexate vs. control, P < 0.0 1 ), and adenosine deam- 
inase reversed the antiinflammatory effect of methotrexate 
(88±3 cells/ 160X field, P < 0.01 vs. methotrexate alone) with- 
out affecting leukocyte infiltration in control mice ( 9 1 ±6 cells/ 
1 60X field, P = NS vs. control, Fig. 6 ) . Adenosine deaminase- 
mediated reversal of the antiinflammatory effect of methotrex- 
ate treatment was specific since adenosine deaminase did not 
reverse the antiinflammatory effects of dexamethasone (1.5 
mg/kg, injected intraperitoneally 1 h before injection of the 
pouch with carrageenan, Fig. 7). Moreover, conversion of 
adenosine to inactive metabolites was responsible for reversal 
of the antiinflammatory effect since adenosine deaminase 
which was inactivated by prior incubation with its tight-bind- 
ing, irreversible inhibitor deoxycoformycin (1 /iM), did not 
affect the antiinflammatory capacity of methotrexate treat- 
ment (data not shown). We conclude from these experiments 
that the increase in extracellular adenosine in the methotrex- 
ate-treated animals is responsible, at least in part, for the antiin- 
flammatory effects of methotrexate. 

The antiinflammatory effect of adenosine is mediated via 
adenosine A 2 receptors. There are at least two major subtypes of 
adenosine receptor, A, and A 2 , that can be differentiated, in 
part, on the basis of agonist and antagonist specificity (17, 18). 
Since extracellular adenosine appeared to mediate the antiin- 
flammatory effects of methotrexate, we sought to determine 
whether the antiinflammatory actions of adenosine were me- 
diated by occupancy of a specific adenosine receptor. We there- 
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Figure 5. Adenosine deaminase (ADA, 0.15 IU/ml) and DMPX 
(mg/kg) reverse the antiinflammatory effects of methotrexate treat- 
ment (0.5 mg/kg per wk). Mice were treated with saline (control) 
or methotrexate for 3 to 4 wk before inflammation was induced in 
the air pouch. Shown are the means (±SEM) of the number of cells 
that accumulated in the pouch exudates. Methotrexate significantly 
inhibited the accumulation of leukocytes in the pouch exudate 
(4.0±0.4 vs. 1.5±0.1 X 10 6 cells/pouch, control vs. methotrexate, P 

< 3 X 10 -6 ). Neither ADA (4.8±0.5 X 10 6 cells/pouch) nor DMPX 
(4.8+0.4 X 10 6 cells/ pouch) significantly affected the number of cells 
that accumulated in the control air pouches, but both ADA ( 2.3±0.8 
X 10 6 cells/pouch) and DMPX (3.8+0.5 X 10 6 cells/pouch) signifi- 
cantly reversed the antiinflammatory effect of methotrexate {P 

< 0.006 and P < 0.001 vs. methotrexate alone, respectively). 



fore injected receptor-specific adenosine receptor antagonists 
into the air pouch with the inflammatory stimulus. The adeno- 
sine A, receptor antagonist 8-cyclopentyl-dipropylxanthine 
(0.2 mg/kg) did not affect leukocyte accumulation in the air 
pouch in either control animals or methotrexate-treated ani- 
mals (Fig. 8). Because of its poor solubility in aqueous me- 
dium, higher concentrations of 8-cyclopentyl-dipropylxan- 
thine could not be utilized for study. In contrast, a specific 
adenosine A 2 receptor antagonist, 3,7-dimethyl-l-propargyl- 
xanthine (DMPX), completely reversed the antiinflammatory 
effect of methotrexate treatment (IC^ = 0.2 mg/kg, P < 0.01; 
Fig. 9 ) without affecting accumulation of leukocytes in either 
control animals (Fig. 5) or dexamethasone-treated animals 
(Fig. 7). We conclude from these experiments that the in- 
creased adenosine found at inflamed sites in methotrexate- 
treated animals mediates the antiinflammatory effects of meth- 
otrexate by engaging adenosine A 2 receptors. 

Discussion 

The results of the experiments reported here provide the first in 
vivo demonstration of a molecular mechanism for the antiphlo- 
gistic actions of methotrexate. Methotrexate, either acting di- 
rectly or by promoting the intracellular accumulation of dihy- 
drofolate polyglutamate, increases intracellular content of AI- 
CAR. The increase in intracellular AICAR concentration is 
associated with (and probably leads to) an increase in extracel- 
lular adenosine in inflammatory exudates. The increase in lo- 
cal adenosine concentrations at sites of inflammation sup- 
presses inflammation via occupancy of adenosine A 2 receptors 
on inflammatory or connective tissue cells. 
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Figure 6. Adenosine deaminase (ADA, 0.15 IU/ ml) reverses the antiinflammatory effects of methotrexate treatment (0.5 mg/kg per wk). Mice 
were treated with saline (control) or methotrexate for 3 wk before inflammation was induced in the air pouch. The air pouches were dissected 
out of the animals, and fixed and prepared by standard histopathological techniques for photomicroscopy. The photographic images were digi- 
tized directly using JAVA software and the images shown were adjusted only for brightness and contrast. Shown are representative fields (of 10 
examined) from one section from one of two animals studied under each condition. 



The observation that low-dose weekly methotrexate ther- 
apy promotes the intracellular accumulation of AICAR in 
splenocytes indicates that the "folate antagonism" of low-dose 
weekly methotrexate is highly specific. Via inhibition of dihy- 
drofolate reductase, high concentrations of methotrexate di- 
minish the cellular content of the methyl donors required for 
synthesis of purines and pyrimidines (6). In addition to the 
synthesis of formyl-AICAR from AICAR (Fig. 1 ), reduced fo- 
late is required for the synthesis of a- N-formylglycinamide ribo- 
nucleotide from £-glycinamide ribonucleotide, precursors of 
AICAR. Thus, under the conditions studied, if methotrexate 
inhibited folate-dependent reactions nonspecifically, then we 
would have expected either no change or a decrease in cellular 
AICAR content. We found the opposite, a net increase in cellu- 
lar AICAR content, an observation that indicates that treat- 



ment with low concentrations of methotrexate leads to selec- 
tive inhibition of AICAR transformylase without inhibiting the 
enzymatic steps required for the production of AICAR. The 
selective effect of low concentrations of methotrexate on pur- 
ine biosynthesis most likely follows from the metabolism of 
methotrexate to its polyglutamated derivatives (for review see 
reference 6). Polyglutamated methotrexate directly inhibits 
several steps in the synthesis and metabolism of purines and 
pyrimidines (5, 7-9). In particular, polyglutamated metho- 
trexate is a potent direct inhibitor of AICAR transformylase 
(7). Moreover, inhibition of dihydrofolate reductase by meth- 
otrexate (and methotrexate polyglutamate) leads to the intra- 
cellular accumulation of dihydrofolate polyglutamate, a 
known and potent inhibitor of AICAR transformylase (7-9). 
Since relatively high concentrations of methotrexate polygluta- 
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Figure 7. Neither adenosine deaminase (ADA, 0.15 lU/ml) nor 
DMPX (mg/kg) reverse the antiinflammatory effects of dexametha- 
sone treatment ( 1.5 mg/kg). Air pouches were induced on mice for 
3 wk. 1 h before injection of carrageenan into the air pouch, the mice 
received an intraperitoneal injection of dexamethasone (1.5 mg/kg) 
or saline. The exudates were harvested 4 h after injection of carra- 
geenan and the cell number was quantitated. Dexamethasone signifi- 
cantly diminished the number of cells that accumulated in the air 
pouch and neither ADA nor DMPX significantly altered the number 
of cells that accumulated in the air pouch of animals treated with 
dexamethasone. 



mates ( 7 ) are required to inhibit AICAR transformylase, it is 
more likely that dihydrofolate polyglutamates are responsible 
for the intracellular accumulation of AICAR. Nonetheless, 
treatment with methotrexate may lead to inhibition of AICAR 
transformylase ( and accumulation of AICAR) by two different 
but complementary mechanisms. 

Previous studies have demonstrated that intracellular accu- 
mulation of AICAR increases adenosine release from some, 
but not all, cell types (11). Barankiewicz et al. have shown that 
treatment of B-lymphoblasts with high concentrations of AI- 
CARibonucleoside diminishes adenosine uptake and utiliza- 
tion, resulting in increased release of adenosine into the extra- 
cellular space, particularly under conditions of ATP degrada- 
tion ( 1 1 , 1 9 ) . In contrast to T lymphoblasts, which release little 
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Figure 8. 8-Cyclopentyl-dipropylxanthine (DPCPX, 0.2 mg/kg) does 
not reverse the antiinflammatory effect of methotrexate (0.5 mg/kg 
per wk). Mice were treated with methotrexate for 3 to 4 wk before 
inflammation was induced in the air pouch. Shown are the means 
(±SEM) of the number of cells that accumulated in the pouch exu- 
dates from six mice in the presence of the indicated concentrations 
of DPCPX. 
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Figure 9. DMPX (mg/kg) reverses the antiinflammatory effect of 
methotrexate (0.5 mg/kg per wk). Mice were treated with metho- 
trexate for 3 to 4 wk before inflammation was induced in the air 
pouch. Shown are the means ( ±SEM ) of the number of cells that ac- 
cumulated in the pouch exudates from three mice in the presence of 
the indicated concentrations of DMPX. Analysis of variance demon- 
strates that the number of cells in the pouch exudate varies signifi- 
cantly with the dose of DMPX (P < 0.01 ). 

adenosine under any condition, B lymphoblasts possess in- 
creased AMP-5 -nucleotidase activity (adenosine formation) 
and relatively little adenosine kinase or adenosine deaminase 
activity (adenosine utilization [11]). Thus, Barankiewicz et al. 
postulated that, since AICARibonucleoside does not affect 
adenosine production or transport, intracellular accumula- 
tions of AICAR must inhibit adenosine kinase or adenosine 
deaminase activity in order to promote the increase in extracel- 
lular adenosine observed (11, 19). AICARibonucleoside may 
also lead to an increase in adenosine release at sites of "stress," 
such as reperfusion after ischemic insult to the heart, and the 
increased extracellular adenosine that accumulates in ischemic 
tissue protects the affected tissue from leukocyte-mediated in- 
jury (10). Our data suggest that treatment in vivo with low- 
dose methotrexate similarly increases intracellular AICAR 
content and, more importantly, promotes adenosine release at 
inflamed sites. 

Methotrexate induced increased adenosine concentrations 
in inflammatory exudates and was a potent antiinflammatory 
agent in the air pouch model. To prove that the effects of meth- 
otrexate on purine metabolism and inflammation were 
causally related, we used two different approaches: elimination 
of extracellular adenosine by adenosine deaminase and antago- 
nism of adenosine at its receptors with a specific antagonist 
(DMPX). Both of these experimental maneuvers reversed the 
antiinflammatory effect of methotrexate but did not reverse 
the antiinflammatory effect of dexamethasone in this same 
model. Dexamethasone is a potent agonist at glucocorticoid 
receptors that diminishes leukocyte accumulation at inflamma- 
tory sites by a mechanism that is not related to purine metabo- 
lism (for review see reference 20). Thus, our observation that 
both specific elimination and antagonism of adenosine reverse 
the antiinflammatory effects of methotrexate is strong evidence 
that adenosine mediates the antiphlogistic effect of metho- 
trexate. 

We have previously observed that methotrexate treatment, 
in vitro, promotes an increase in adenosine release at the ex- 
pense of hypoxanthine and inosine release (4). In this study we 
were unable to detect inosine in most samples and the HPLC 
technique we used does not resolve hypoxanthine from many 
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other compounds present in these complex biologic fluids. Nev- 
ertheless, the adenosine concentration present in inflamma- 
tory exudates of methotrexate-treated animals (1.11 pM) is 
more than sufficient to account for the diminished inflamma- 
tion observed; maximal inhibition of stimulated neutrophil ad- 
hesion and generation of superoxide anion and H 2 0 2 is 
achieved with adenosine concentrations greater than or equal 
to 1 fiM (14, 21). Indeed, the concentration of adenosine 
found in exudates from control animals was less than the con- 
centration of adenosine found in transudates from "stressed" 
isolated rabbit hearts (during hypoxia, 1225±300 nM; refer- 
ence 22). Although the adenosine concentration measured in 
the inflammatory exudate probably reflects the metabolic 
changes in methotrexate-treated animals and is sufficient to 
inhibit the production of toxic oxygen metabolites by the cells 
present in the inflammatory exudate, it is likely that the in- 
crease in extracellular adenosine responsible for diminished 
inflammation is that which occurs in the surrounding tissues, a 
less readily accessible site for sampling. 

There are at least two major subclasses of adenosine recep- 
tor that can be distinguished on pharmacologic grounds, A, 
and A 2 ( 17, 18). Adenosine A, receptors are relatively high-af- 
finity receptors that are linked to pertussis toxin-inhibited G 
proteins (23-33). Adenosine A! receptors have been demon- 
strated on neutrophils and macrophages (but not peripheral 
blood mononuclear cells) where they mediate, when occupied, 
enhanced chemotaxis and phagocytosis of immunoglobulin- 
coated particles (34-38). Adenosine A 2 receptors are low-af- 
finity receptors linked to Gas signal transduction proteins in 
many cell types. Adenosine A 2 receptors are present on neutro- 
phils, monocytes, lymphocytes, and basophils and, when occu- 
pied, generally suppress the inflammatory or immune func- 
tions of these cells ( for review see references 39-4 1 ) . Using 
relatively selective antagonists we found that the antiinflam- 
matory effects of adenosine in methotrexate-treated animals 
were mediated by occupancy of adenosine A 2 receptors, results 
that were identical to those obtained by Asako et al. (12). In 
contrast, Schrier et al. (42) observed, utilizing receptor-specific 
agonists, that occupancy of adenosine A, receptors rather than 
A 2 receptors is antiinflammatory in a rat model of inflamma- 
tion. The discrepancy may be due to species differences in ago- 
nist sensitivity or adenosine receptor expression. Alternatively, 
the apparent difference in receptor specificity for the antiin- 
flammatory effects of adenosine results from a difference in the 
distribution, lipid solubility, or other pharmacologic properties 
of the adenosine receptor-specific agonists studied. 

We first suggested that adenosine might be an endogenous 
antiinflammatory agent when we observed that adenosine in- 
hibits the generation of toxic oxygen metabolites by stimulated 
neutrophils (14). In subsequent studies we have shown that 
adenosine, both added exogenously or released endogenously, 
diminishes endothelial cell injury mediated by stimulated neu- 
trophils (43). The cytoprotective effects of adenosine result 
from inhibition of the generation of toxic oxygen metabolites 
and inhibition of the stimulated adhesion of neutrophils to the 
endothelium (43). In the model under study, the apparent ef- 
fect of adenosine was to diminish extravasation of leukocytes 
into an inflammatory exudate. There may be an additional 
beneficial effect of methotrexate therapy for the synovial tis- 
sues of patients treated with methotrexate; the concentration of 
adenosine present in the inflammatory pouch exudates is more 
than sufficient to inhibit generation of toxic oxygen metabo- 



lites by stimulated leukocytes. Thus, treatment with metho- 
trexate may both diminish the number of leukocytes that accu- 
mulate in an inflammatory exudate and inhibit the destructive 
capacity of those leukocytes that do arrive at the inflamed site. 

In the model studied here, inflammation was acute and was 
characterized by the accumulation of a neutrophilic infiltrate 
in both the air pouch and the surrounding tissues. Although it 
is likely that the adenosine released is acting directly on neutro- 
phil adenosine receptors, it is also possible that adenosine in- 
hibits the generation of cytokines or chemoattractants required 
for accumulation of the inflammatory exudate. Indeed, adeno- 
sine, probably acting at an A 2 receptor, inhibits synthesis of 
cytokines (TNFa) and other inflammatory proteins (comple- 
ment C 2 ) by macrophages (44, 45). Moreover, adenosine, act- 
ing at its receptor, inhibits lymphocyte proliferation and in- 
duces suppressor activity in cultured lymphocytes ( 39 ) . Thus, 
the antiinflammatory effects of methotrexate (acting via adeno- 
sine) are more general than those studied in this model of acute 
inflammation. Indeed, it is likely that the effects of methotrex- 
ate, acting via adenosine, on lymphocyte or monocyte function 
play a greater role in diminishing the chronic inflammation of 
rheumatoid arthritis than the effects on acute inflammation 
observed in this model. 

We have demonstrated a novel biochemical mechanism of 
action of methotrexate. Low-dose weekly methotrexate ther- 
apy leads to intracellular accumulation of AICAR, which pro- 
motes increased adenosine release (and/or diminished adeno- 
sine uptake) at sites of inflammation. This increase in extracel- 
lular adenosine diminishes both the accumulation and 
function of leukocytes in inflamed sites. These findings suggest 
several novel approaches to the development of new agents 
that inhibit inflammation by increasing adenosine release: de- 
velopment of direct inhibitors of AICAR transformylase, inhib- 
itors of adenosine deaminase and adenosine kinase, and adeno- 
sine uptake inhibitors. 
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